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expanding field of major importance to both basic biology and medical science, Clear and 
comprehensive chapters from some of the key researchers in the field cover most aspects of the subject 
from the molecular to the i vive level. The role of mitochondria in neurodegenerative, inflammatory 
and ischaemic diseases, as well as necrosis, apoptosis and ageing is reviewed. Each chapter is by a 
different set of authors describing one aspect of the field. Researchers and postgraduates throughout 
biology and medical science will want to read this book. 
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Edited by TG Cotter, University College Cork, Ireland and S| Martin, La Jolla Institute for 
Allergy and Immunology, USA 


Cell death/apoptosis is currently an exponentially expanding field of broad research interest, The 
success of research projects depend on having access to detailed and clearly written accounts of 
techniques and methodologies used. This is particularly important in a new field. Techniques in 
Apoptosis aims to fill this niche, it differs from recent volumes on apoptosis since its focus will be 
purely technical in nature. 


Each chapter begins with an overview of the methodology to be employed, and goes on to provide 
detailed experimental protocols for the identification of apoptotic cells from plants to Drosophila to 
man in an easy to-use, step-by-step format. Written by key people in the field, this book is essential 
reading for all researchers in cell death, from PhD students to senior scientists, 
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Edited by S Moncada, The Wolfson Institute for Biomedical Research, London, UK, 

G Nisticò, University of Rome, Italy, G Bagetta, University of Rome, Italy and EA Higgs, 
The Wolfson Institute for Biomedical Research, London, UK 

Proceedings of the Il International Paraelios Symosium: Nitric Oxide and the 
Cell: Proliferation Differentiation and Death, Baia Paraelios, Calabria, Italy, 
1996 


Nitric Oxide has proven to be a molecule with a wide biological significance. It is involved in myriad 
actions which range from physiology to pathophysiology. One of the fundamenta! questions in relation 
to its biological relevance concerns the paradoxical nature of some of its actions. There is, for 
example, a whole range of effects related to evtoprotection, cell proliferation, differentiation and cell 
death. The way in which nitric oxide becomes involved in pathophysiology is slowly being elucidated. 


This volume is a summary of the discussions that took place at the Second International Paraelios 
Symposium on Nitric oxide research. It will make significant contribution to the clarification of this 
very exciting subject. 


"Overall, the book is good if vou want to learn details from first principals of the mechanisms 
Of NO activity at the cellular and molecular level. It is well written, well illustrated and easy 
to read. | would recommend it to both the novice and the established researcher in the NO 
field. It is a valuable source of new information on NO action and is copiously reterenced for 
those wishing to learn about the background of NO biology.” 
Immunology News | 
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REVIEW ARTICLE 


Rho GTPases and their effector proteins 


Anne L. BISHOP! and Alan HALL 


MRC Laboratory for Molecular Cell Biology, University College London, Gower Street, London WC1E 6BT, UK 


Rho GTPases are molecular switches that regulate many essential 
cellular processes, including actin dynamics, gene transcrip- 
tion, cell-cycle progression and cell adhesion. About 30 potential 
effector proteins have been identified that interact with members 
of the Rho family, but it is still unclear which of these are 
responsible for the diverse biological effects of Rho GTPases. 
This review will discuss how Rho GTPases physically interact 
with, and regulate the activity of, multiple effector proteins and 
how specific effector proteins contribute to cellular responses. To 
date most progress has been made in the cytoskeleton field, and 


several biochemical links have now been established between 
GTPases and the assembly of filamentous actin. The main focus 
of this review will be Rho, Rac and Cdc42, the three best 
characterized mammalian Rho GTPases, though the genetic 
analysis of Rho GTPases in lower eukaryotes is making 
increasingly important contributions to this field. 


Key words: actin reorganization, autoinhibition, CRIB motif, 
HRI motif. 





THE RHO FAMILY 


Rho GTPases are members of the Ras superfamily of monomeric 
20-30 kDa GTP-binding proteins. Ten different mammalian 
Rho GTPases, some with multiple isoforms, have been identified 
to date: Rho (A, B, C isoforms), Rac (1, 2, 3 isoforms), Cdc42 
(Cdc42Hs, G25K isoforms), Rnd1/Rho6, Rnd2/Rho7, Rnd3/ 
RhoE, RhoD, RhoG, TC10 and TTF [1]. The most extensively 
characterized members are Rho, Rac and Cdc42. Each of 
these GTPases act as a molecular switch, cycling between an 
active GTP-bound, and an inactive GDP-bound, state. In the 
GTP-bound form they are able to interact with effector or target 
molecules to initiate a downstream response, while an intrinsic 
GTPase activity returns the proteins to the GDP-bound state, to 
complete the cycle and terminate signal transduction. 


Regulation 


Cycling between the GTP- and GDP-bound states is regulated by 
numerous cellular proteins [2]. Although still poorly charac- 
terized, over 30 guanosine nucleotide exchange factors (GEFs) 
have been identified that facilitate the exchange of GDP for GTP 
[3,4]. All Rho GEFs contain a Dbl-homology (DH) domain 
which encodes the catalytic activity [5,6] and an adjacent pleck- 
strin homology (PH) domain. The PH domain is thought to 
mediate membrane localization through lipid binding [7,8], but, 
in addition, structural and biochemical evidence suggests that it 
might also directly affect the activity of the DH domain. For 
example, a comparison of the crystal structures of the DH-PH 
domains of Sos GEF, in the absence of lipid ligand, and the 
PH domain of phospholipase Cô bound to inositol 1,4,5- 


trisphosphate, suggests that a ligand binding to Sos PH domain 
is likely to affect the conformation of the neighbouring DH 
domain [9]. In Trio, a GEF with two DH-PH modules, one 
specific for Rac and one for Rho [10], the N-terminal DH-PH 
domains together have a 100-fold higher Rac GEF activity than 
does the DH domain alone [11] Finally, the binding of 
phosphatidylinositol 4,5-bisphosphate (PIP,) to the PH domain 
of Vav GEF inhibits activity, whereas phosphatidylinositol 3,4,5- 
triphosphate binds more strongly and stimulates Vav activity 
[12]. Additional domains specific to each GEF may provide 
variations in subcellular localization and activation mechanisms 
[13]. 

About 20 GTPase-activating proteins (GAPs) which increase 
the intrinsic rate of GTP hydrolysis of Rho GTPases have been 
identified to date [14]. The human genome sequencing project 
reveals that chromosome 22 alone potentially encodes eight 
GAPs [15]. A comparison of the crystal structures of a ground- 
state complex between RhoGAP and Cdc42-guanosine S- 
[f,y-imido]triphosphate (guanosine 5’-[f,y-imido]triphosphate, 
also known as 'GMPPNP', is a non-hydrolysable GTP 
analogue) and a transition-state-mimicking complex of Rho- 
GAP with RhoA- GDP- AIE*, along with NMR analysis of a 
Cdc42: RhoGAP complex, has provided insight into the mech- 
anistic details of GAP-facilitated GTP hydrolysis [16-18]. The 
most striking feature is that a 20? rotation between GTPase and. 
GAP, from ground state to transition state, allows an arginine 
residue in the GAP protein, the ‘arginine finger’, to enter the 
GTPase active site and participate in the stabilization of 
the transition state. 

Rho GTPases are able to interact with membranes via a post- 
translational C-terminal geranylgeranyl lipid modification 


Abbreviations used ACK, activated Cdc42-associated tyrosine kinase, GEF, guanosine nucleotide exchange factor, PH, pleckstrin homology, 
DH, Dbl homology, PIP, phosphatidylinositol 4,5-bisphosphate; GAP, GTPase-activating protein, GDI, guanosine nucleotide dissociation inhibitor; 
SRF, serum response factor; NF-«B, nuclear factor «B, JNK, c-jun N-terminal kinase, CRIB, Cdc42/Rac-interactive binding, REM, Rho effector 
homology, RKH, ROK~kinectin homology, MLC, myosin light chain, PI4-P5K, phosphatidylinositol-4-phosphate 5-kinase; GTP[S], guanosine 
5’-[y-thio]tnphosphate; MAP kinase, mitogen-activated protein kinase, Mik, mixed-lineage kinase, ACC, antiparallel colled-coil, Btk, Bruton's tyrosine 
kinase, MBS, myosin-binding subunit, ERM, ezrin/radixin/moesin, FH, formin-homology, WASP, Wiskott-Aldrich-syndrome protein, WAVE, WASP-like 
verprolin-homologous protein, LIMK, LIM kinase; EGF, epidermal growth factor, TNFa, tumour necrosis factor a, MEKK, MAP kinase kinase kinase, 
PAK, p21-activated kinase; PKN, protein kinase N; MRCK, myotonic dystrophy kinase-related Cdc42-binding kinase 
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Table 1 Summary of the cellular activities which Involve Rho, Rac and Cdc42 


These activities refer to biological pathways which can be induced by the activated Rho GTPases indicated and/or which can be intubited by dominant-nagatrve constructs of the appropriate Rho 
GTPases SRF and NF-«B are both transcription factors, JNK and p38 are MAP kinase pathways, the NADPH oxidase complex is present only in professional phagocytic celis, secretion has 


only been shown fo involve Rho GTPases in mast calls 


NADPH G, cell-cycle GCell- cel! Cell 
Actin SRF JNK/p38 NF-«B oxidase progression contacts Secretion polarity Transformation 
Rho + + — + — + + + ~ + 
Rac + + + + + + + + — + 
Cdc42 + + + + _ + + ? + + 





(farnesyl for RhoD and RhoE; either modification for RhoB) 
[19,20]. However, in the unactivated state, Rho and Rac can be 
isolated as a soluble complex associated with RhoGDI (guanosine 
nucleotide dissociation inhibitor). RhoGDI appears to sequester 
GDP-bound Rho GTPases in the cytoplasm and inhibit their 
spontaneous GDP «++ GTP exchange activity, similar to what has 
been proposed for fy subunits and the a subunits of hetero- 
trimeric G-proteins, but the precise role of GDI ıs still poorly 
understood [21]. NMR and crystal structures of GDI alone, a 
low-resolution crystal structure of a RhoA-GDI complex (no 
geranylgeranyl lipid attached to RhoA) and a recent high- 
resolution [0.26 nm (2.6 ÅJ] crystal structure of a Cdc42- GDI 
complex (geranylgeranyl lipid present on Cdc42) all agree that 
the binding of GDI to a Rho GTPase occurs through an 
immunoglobulin-like C-terminal domain, and that a hydro- 
phobic pocket in this domain can accommodate the geranyl- 
geranyl lipid, whilst a flexible N-terminal domain inhibits 
GDP — GTP exchange [22-25]. Cerione’s group reported the use 
of fluorescence resonance energy transfer ( FRET’) to monitor 
the removal of Cdc42 from membranes by GDI in real time. 
They detected two phases which appear to represent a rapid 
membrane-associated GTPase-GDI binding step followed by a 
slow transfer of the geranylgeranyl moiety from membrane to 
GDI [26]. 


Experimental manipulation 


The biological activities of individual Rho GTPases (Table 1) 
have been elucidated using a vanety of methods, including the 
use of activated and dominant-negative mutants, as well as 
bacterial toxins. Amino acid substitutions of Val for Gly at 
codon 12 or of Leu for Gln at codon 61 (Rac numbering) have 
been extensively used to generate constitutively active Rho 
GTPases, since both of these mutations prevent intrinsic and 
GAP-induced GTP hydrolysis. The crystal structure of RhoGAP 
complexed with RhoA- GDP- AIF*- confirms an essential role 
for Gin™ (equivalent to Gin® in Rac) in stablizing the y- 
phosphate during GTP hydrolysis [17]. The crystal structure of a 
[Val'^]RhoA : guanosine 5’-[y-thio]triphosphate (GTP[S]) (equi- 
valent to the Val? mutant in Rac) (GTP[S] is a non-hydrolysable 
, GTP analogue) shows how the larger Val side chain forces Gln® 
away from the y-phosphate, so preventing it from facilitating 
GTP hydrolysis [27]. Interestingly Rndi1-3 and TTF Rho family 
members do not contain Gly and Gin at positions 12 and 61 
respectively and thus appear to be constitutively GTP-bound 


[28—30]. This raises 1nteresting questions asto how these proteins 


are regulated, but so far nothing 1s known. 

A substitution of Asn for Thr" (Rac numbering) allows this 
mutant GTPase to compete with the corresponding endogenous 
GTPase for binding to cellular GEFs, but this leads to a non- 
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productive complex unable to generate a downstream response 
[31]. These dominant-negative proteins appear to be rather 
specific for individual Rho GTPases, despite the complexity of 
the RhoGEF family [3]. 

A variety of bacterial toxins have been used to modify the 
activity of Rho GTPases. The exoenzyme C3 transferase, an 
ADP-ribosyltransferase from Clostridium botulinum [32], is rela- 
tively specific and inactivates only RhoA, RhoB and RhoC. C. 
difficile toxin B inactivates most, 1f not all, members of the Rho 
GTPase family and is particularly useful in assessing the in- 
volvement of a Rho GTPase in a particular biological process 
[33]. The prevelance of Rho GTPase modifications by bacterial 
toxins illustrates the fundamental importance of these proteins to 
cellular regulation. 


Biological activities 


The major function of Rho GTPases is to regulate the assembly 
and organization of the actin cytoskeleton [34]. The effects of 
Rho, Rac and Cdc42 were initially described using quiescent 
Swiss3T3 fibroblasts, a cell line in which serum starvation creates 
a very low background of organized F-actin structures. Addition 
of lysophosphatidic acid induces the formation of contractile 
actin-myosin stress fibres and associated focal adhesions, and 
this can be blocked by C3 transferase [35]. Growth factors, such 
as platelet-derived growth factor, insulin or epidermal growth 
factor (EGF) induce the formation of actin-nch lamellipodia and 
membrane ruffles associated with focal contacts and the 
dominant-negative [Asn!"]Rac specifically inhibits this response 
[36]. Finally bradykinin induces the formation of peripheral 
microspikes or filopodia, which are also associated with focal 
contacts, and this can be inhibited by expression of dominant- 
negative [Asn!7]Cdc42 [37]. These types of experiment have lead 
to the conclusion that Rho, Rac and Cdc42 regulate three signal- 
transduction pathways linking various membrane receptors to 
the assembly of actin-myosin filaments, lamellipodia and filo- 
podia respectively. It 1s not surpnsing, therefore, that Rho 
GTPases have been found to play a role in a variety of cellular 
processes that are dependent on the actin cytoskeleton, such as 
cytokinesis [38-40], phagocytosis [41,42], pinocytosis [36], cell 
migration [43,44], morphogenesis [45] and axon guidance [46]. 
One of the most interesting aspects of this family of regulatory 
proteins is that, in addition to their effect on the actin cyto- 
skeleton, they also regulate a vanety of other biochemical 
pathways (see Table 1) including serum response factor (SRF) 
and nuclear factor xB (NF-«B) transcription factors [47,48], the 
c-jun N-terminal kinase (JNK) and p38 mitogen-activated protein 
kinase pathways [49,50], the phagocytic NADPH oxidase com- 
plex [51], G, cell-cycle progression [52], the assembly of cadherin- 
containing cell-cell contacts [53,54], secretion 1n mast cells [55], 
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cell polarity [56] and cell transformation [3]. Therefore, although 
Rho GTPases are best characterized for their effects on the actin 
cytoskeleton, there is now much interest in their ability to affect 
cell proliferation and gene transcription, and the contributions of 
all of these activities to malignant transformation is an important 
field of study. 


THE INTERACTION OF Rho GTPases WITH EFFECTOR PROTEINS 


Given the involvement of Rho GTPases in such a wide variety of 
important cellular processes, it is not surprising that a great deal 
of effort has been put into identifying their cellular targets or 
effector proteins. To date 30 or so potential effectors for Rho, 
Rac and Cdc42 have been identified (Table 2), primarily using 
affinity chromatography and the yeast two-hybrid system. 
These proteins interact specifically with the GTP-bound form 
of the GTPase. A comparison of the RhoA-GDP and 
[Val*]RhoA-GTP{S] crystal structures, reveals that the confor- 
mational differences between the GTP and GDP-bound forms 
are restricted primarily to two surface loops, named switch 
regions I and II (Cdc42/Rac amino acids 26-45 and 59-74 
respectively) [27,57]. Effector proteins must, therefore, utilize 
these differences to discriminate between the GTP- and GDP- 
bound forms, though they also interact with other regions of the 
GTPase (see below). 


Table 2 Potential effector proteins for Rho, Rac and Cdc42 
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Numerous point mutations have been introduced into Switch 
I of Rho, Rac and Cdc42, often referred to as the ‘effector 
region', and have rather interesting effects preventing the binding 
of some, but not all, target proteins [58—60]. For example, the 
interaction of PAK (p2l-activated kinase) with Cdc42/Rac is 
blocked by a Tyr*-to-Cys mutation, but not by a Phe?-to-Ala 
mutation [58]. Whereas the interaction of Mlk (mixed-lineage 
kinase) 2 and 3 with Rac is blocked by either of these mutations 
[61]. Substitution of different amino acids at the same position in 
switch I can also have varied effects upon target protein binding; 
for instance, [Cys'?]Rac can bind to p67"*** (a component of the 
NADPH oxidase complex), whereas [Lys*]Rac cannot [58]. 
Such results suggest that different effectors interact with different 
residues, even within the switch I region. 

Further studies using GTPase mutants and chimaeras have 
implicated regions outside of switch J in the binding of certain 
effectors. For instance, Rac-Rho chimaeras indicate that a 
region close to the C-terminus of Rac (amino acids 143-175) may 
be important for binding to p67™* and for PAK activation [62]. 
An a-helical region present in all Rho-family GTPases (except 
Drosophila RhoL), but not in Ras, referred to as the 'insert 
region' (Rac amino acids 123—135), 1s required for Rac activation 
of the NADPH oxidase complex and for binding to an effector 
protein called IQGAP, but not for its interaction with PAK 
[63,64]. So far there are no known examples of Rho effectors 


Proteins shown with an astensk (*) are those which appear to be activated by GTPases in a GTP-dependent manner, but where the interaction is GTP-indapendent Proteins shown with a superscript 
plus sign (*) are those for which a functional relationship with GTPase, but not a direct interaction, has so far been shown Note that Rho is reported to inhibit diacylglycerol kinase (DAG kinase), 
whereas all tha othar targets Irsted are thought to be activated by Rho GTPases Common GTPase-binding motifs, assigned according to sequence homology ara CRIB, REM (also known as class- 
1 Rho-binding motif) and RKH (also known as class-2 Rho-binding motf) Where a funcbon has been reported this Is noted, but In many cells these are far from clear, for further discussion, 
see the text and key references given below Further abbreviations. PKN, protein kinase N, PLC, phospholipase C, PLD, phospholipase D, P3, inositol trisphosphate, PA, phosphatidic acid 


Potential effector protein Type of protein Funchons 

ROKa, ROKS Ser/Thr kinase Actin/myosin 

PKN/ PRK1, PRK2 Ser/Thr kinase Unknown 

Citron kinase (citron) Ser/Thr kinase Cytokinests 

p70 S6 kinase Ser/Thr kinase Translabon regulation 

MIK2, 3 Ser/Thr kinase JNK 

MEKK1, 4 Ser/Thr kinase JNK 

PAK1, 2, 3 Ser/Thr kinase JNK/actin 

PAK4 Ser/Thr kinase Actin 

MRCKa, MRCK@ Ser/Thr kinase Actin 

Acki, 2 Tyr kinase Unknown 

MBS Phosphatase subunit MLC inactivation 

PI-4-P5K Lipid. kinase PIP, levels/actin 

PI3K Lipid kinase PIP, levels 

DAG kinase Lipid kinase PA levels 

PLD Lipase PA levels 

PLC-82 Lipase DAG/IP, levels 

Rhophilm Scaffold Unknown 

Rhotekin Scafiold Unknown 

Kinectin Scaffoki Kinesin binding 

Dal, Dia2 Scaffold Actin organization 

WASP, N-WASP Scaffold Actin organization 

WAVE/ Scar Scaffold Actin organization 

POSH Scaffold Unknown 

POR-1 Scaffold Actin organization 

p140Sra-1 Scaflokd Actin organization - 

po; Scaffold NADPH oxidase 

MSE55, BORGS Scaffoki Unknown 

IQGAPT 2 Scaftoid Actin/cell-cell 
contacts 

CIP-4 Scaffold Unknown 


Selectivity of Rho GTPase GTPass-binding 
binding ` moti Key references 
Rho RKH [91,128,129] 
Rho REM [90,208] 
Rho [102,103] 
Rac Cdc42? [209] 
Rac Cdc42 CRIB [61,200,201] 
Rac Cdc42 CRIB for MEXK4 — [202] 
Rac Cdc42 CRIB [79] 
Cdc42 CRIB [81] 
Cdc42 CRIB [104] 
Cdc42 CRIB [73,210] 
Rho [128] 
Rho** Rac" [144,147,168,171] 
Rac Cdc42 [211—213] 
Rho* Rac* [169,214] 
Rho Rac Gdc42 [215—218] 
Rac Cde42 [219] 
Rho REM [76] 
Rho REM [77] 
Rho RKH [220] 
Rho [91,141] 
Gde42 CRIB [94,96,97] 
Rac* [94,895,172] 
Rac [61] 
Rac [166] 
Rac [168] 
Rac (51 63,207] 
Cdc42 CRIB [221,222] 
Cdc42 [54,96,98,115] 
Cdc42 [223] 
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(a) 


ACK (505-531) L SA QD i S8QP LL QN 
WASP (236-258) ISKADIGAP.. S$ 
PAK1 (70-94) K ER PE I S LP S 
PAK2 (71-91) K ER PE I SPP S 
PAKA (6-30) K KRVE I SA P 5 
CRIB consensus coq oue cc up 5 
(b) 

PKN/PRK1HR1a(34-63 Q L E L E R ER L RR 
PRK2 HR1a (44-73) K L DD | K DR i K R 
Rhophilin (39-68) oa L QS H RA RL H Q 
Rhotekin (20-49) A LS LED TE LQR 
HR1 consensus L : EE ^ 
PKN/PRK1HR1a(64-93) T D L GKS LG P V E 
PRK2 HR1a (774-102) TOK. KS L A Y V D 
Rhophilin (69-97) SN. TWVRETVA 
Rhotekin (50-79) S QREQaAt_E EA TK 
HR1 consensus : 2 
PKN/PRK1HR1a(94-103 L H A H V V L P D P 
PRK2 HR'1a (103-112) L HA Hi V V S DP 
Rhophilin (98-107) L ST SV DVOQP 
Rhotekin (B0—89) KEAQVLEKTG 
HR1 consensus : V 1: 
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Figure 1 Sequence comparisons for (a) the CRIB motifs from ACK, WASP and three PAKs and (b) the HR1 motifs from PKN/ PRK1 (HR1a), PRK2 (HR1a), 
rhophilin and rhotekin, which are the essential Rho-binding regions within the REM domain of each protein (see the text) 


(a) Other mammalian GTPase effectors which contain CRIB motifs are listed in Table 2. Conserved CRIB consensus residues are shown in red; " indicates less conserved residues within the 
CRIB motif. (b) Conserved HR1 motif consensus residues are shown in red; " indicates important HR1 motif residues that are less conserved. Charged amino acids which are particularly important 
for PKN binding to Rho, according to structural data, and are less conserved in the other two PKN HRI motifs (HR1b and HR1c) are underlined (see the text for discussion). 


requiring this insert region for binding. Two amino acids in loop 
6 (just C-terminal to switch H) of Rho are acidic (Asp*’ and 
Asp*"), but are hydrophobic (Val and Ala) in Rac, and these 
appear to be important for Rho binding to two effectors PRK2 
and ROK [65]. This same region of Rac (amino acids 74—90), on 
the other hand, has been implicated in the binding of GAPs [62] 
and an overlapping region of Cdc42 (amino acids 84-120) 
appears to be involved in binding to Wiskott-Aldrich-syndrome 
protein (WASP) and IQGAP, but not to PAKI [66]. These 
mutational studies indicate that distinct regions of Rac, Cdc42 
and Rho outside of switch I are required to make essential 
contacts with effector proteins. 

The data obtained from the many mutational studies that have 
been undertaken have lead to a complex, and sometimes con- 
tradictory, picture of the mechanisms of Rho GTPase-eflector 
interactions. However, the recently reported NMR structures of 
Cdc42 bound to activated Cdc42-associated tyrosine kinase 
(ACK) (amino acids 504—545) and WASP (amino acids 230—288) 
have provided much clarification [67,68]. ACK and WASP both 
contain the conserved GTPase-binding consensus site, the CRIB 
(Cdc42 /Rac-interactive binding) motif, which is present in many, 
though not all, Rac- and Cdc42-binding proteins (see Table 2) 
[69]. The CRIB sequences for ACK and WASP, and a consensus 
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sequence, are shown in Figure 1(a). This motif is necessary, but 
not sufficient, for strong binding to the GTPase, as shown by 
binding studies for Cdc42 with different WASP fragments [70]. 
The NMR structures of ACK and WASP CRIB-containing 
peptides bound to Cdc42 show that Asp?? in Switch I interacts 
with the two His residues conserved in all CRIB proteins (Figure 
la). Interestingly Switch I and H are almost identical in Rho, 
Rac and Cdc42, except for position 38 whichis Asp in Rac/Cdc42 
and Glu in Rho. Mutation of Cdc42 Asp* to Glu decreases the 
affinity for PAK3 (a CRIB protein which binds to both Rac and 
Cdc42) by 50-fold [71], and it seems likely that all CRIB proteins 
may use Asp* to distinguish Rac/Cdc42 from Rho. 

Whereas PAKI binds with similar affinity to Rac and Cdc42 
[72]. ACK and WASP are relatively selective for Cdc42 [73,74]. 
To achieve this selective binding, ACK and WASP must interact 
with amino acids that differ between Cdc42 and Rac, and these 
contacts have been revealed in the NMR studies [67,68]. 
[Leu'*]Cdc42, for instance, forms a strong hydrophobic 
contact with both ACK and WASP, but in Rac residue 174 
is Arg, which would weaken this interaction. The ACK 
CRIB residue which interacts with Leut is Leu?***, but the 
equivalent residue in PAK is Lys, which would not pack well 
against Leu!** and is, presumably, therefore, not involved in the 


~~ 


interaction (see Figure la). The equivalent residue in WASP is 
Ile, which should pack almost as well as Leu (see Figure 1a). 
Thus, a picture of how different effector proteins recognize 
different combinations of Rho GTPases emerges. However, 
while ACK. and WASP are clearly Cdc42 targets, it is not clear 
whether, in vivo and under physiological conditions, PAKs 1—3 
are targets for Cdc42 or Rac or both. 

A further insight gained from these NMR structures is that the 
GTPase induces significant conformational changes in ACK and 
WASP. The CRIB-containing fragments of ACK and WASP 
used in these experiments (amino acids 504—545 and 230—288 
respectively) have no discernable structure in solution, but when 
bound to Cdc42 they form a tight intermolecular f-sheet across 
the GTPase switch regions. Presumably Cdc42 stabilizes this key 
conformation, which 1s only one of many that the free peptide 
can adopt ın solution. WASP sequences C-terminal to the core 
CRIB motif form an anti-parallel P-hairpin and a short a-helix 
only when bound to Cdc42. Equally, the switch regions of free 
Cdc42 1n solution are flexible, but become rigid when bound to 
an effector. 

These NMR data have certainly provided much insight into 
how CRIB motif-containing proteins, in general, may interact 
with Rac and Cdc42. However, one must remember that not all 
Rac/Cdc42 effector proteins contain a CRIB domain (see Table 
2), so cannot be assumed to bind to GTPases in the same way. 
IQGAP, for instance, appears to require the insert region for 
binding to Rac and Cdc42 (see above) which has not been shown 
to be required for the binding of any of the known CRIB- 
containing proteins. Such observations imply that a very different 
set of interactions may be formed between Rac and Cdc42 and 
their numerous effectors. 

Rho binding to its effector proteins also appears, from 
mutational studies, to require quite different GTPase regions 
compared with Rac and Cdc42 (see above). Rho effectors protein 
kinase N (PKN)/PRKI and PRK2 bind to Rho via an N- 
terminal Rho effector homology (REM) region which contains 
three repeats of a leucine-zipper-like motif named HR1 (amino 
acids 40-91, 129—184 and 216-271). The first two HRI repeats 
(HR1a and HR1b) can each independently bind to Rho, but only 
HR la binding is GTP-dependent (Figure 1b shows PKN HRIa 
sequence and the HRI motif consensus sequence) [75]. The 
scaffold-like Rho effectors rhophilin and rhotekin also contain 
one N-terminal HRI motif, very similar to PKN HR 1a, which is 
required for their GTPase binding (see Figure 1b) [76,77]. 
Recently the crystal structure of PKN amino acids 7-155 (HRla 
arid half of HR1b) bound to RhoA: GTP{S] has been solved [78]. 
When bound to Rho the HRia region of PKN forms an 
antiparallel coiled-coil (ACC) finger fold, a very different con- 
formation to the CRIB peptides of ACK and WASP bound to 
Cdc42. Rho residues within switch I, particularly Lys?’ and 
Gin*’, make strong contacts with PKN, and allow the effector to 
specifically recognize the GTP-bound form of Rho; Lys?’ in 
particular is inaccesible in the GDP-Rho structure. These are 
switch I residues different from those which appear to be 
important for Cdc42 recognition by ACK and WASP (see above) 
[67,68]. A hydrophobic patch at the end of the PKN HRla 
ACC finger, plus hydrogen-bond contacts from PKN Lys", 
Lys9?, Arg and Asp* (see Figure 1b), form important 
contacts with Rho switch I, the C-terminal end of switch H 
(amino acids 66—76) and some adjacent amino acids. The polar 
residues are less conserved in PKN HR1b and HRIc, and the 
hydrophobic patch is partially replaced by charged residues in 
HRIc, which may explain why HR1b has low affinity for Rho 
and why HRIc does not bind to Rho at all, despite their similar 
overall sequences. Sequence analysis suggests that similar ACC 
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finger folds will be present in other REM proteins, such as 
rhopilin and rhotekin, and also perhaps in non-REM Rho 
effectors such as ROK and kinectin [78]. 


THE ACTIVATION OF EFFECTORS BY Rho GTPases 


The structural analysis of Rho GTPase-effector interactions has 
so far made use of discrete binding domains derived from 
effectors. When considering how a GTPase might regulate the 
activity of a target protein, and how these proteins subsequently 
transduce signals to the cell, the whole effector protein must be 
considered. 

The most common mechanism of effector activation by Rho 
GTPases appears to be the disruption of intramolecular auto- 
inhibitory interactions, to expose functional domains within the 
effector protein (see the general model in Figure 2). For example 
the Rac/Cdc42 targets PAK 1~3 and Ser/Thr kinases, have an 
intramolecular regulatory domain that inhibits kinase activity. 
Upon GTPase binding, the inhibitory sequence is displaced, 
leaving the kinase domain free to bind to substrates [79,80]. 
Interestingly, a more distantly related PAK family member 
recently cloned, PAK4, does not contain an autoinhibitory 
domain, and this PAK is not significantly stimulated by GTPase 
binding [81]. In agreement with the model a peptide from the 
PAK] regulatory region (amino acids 83-149) can be used as a 
dominant-negative inhibitor of PAK activity both in vitro and m 
vivo [82], and mutants of the PAK inhibitory domain are found 
to have constitutive kinase activity [82,83]. Equally, cleavage of 
PAK-2 (and of PKN, see below) by caspases, which occurs 
during apoptosis, also removes its regulatory domain and creates 
a constitutively active protein [84,85]. 

Two kinases which are Rho effectors have also been reported 
to contain autoinhibitory domains, ROK and PKN. A region of 
the ROKe autoinhibitory domain (amino acids 941-1388) 
includes the GTPase-binding and PH domains, and when 
mutated so as to disrupt binding to Rho, will inhibit endogenous 
ROK. [86]. In the case of PKN the binding of Rho-GTP appears 
to co-operate with binding of lipids such as arachidonic acid and 
with autophosphorylation to remove an autoinhibitory inter- 
action and to fully activate its protein kinase C-like kinase 
domain [87—90]. 

A similar principal may also apply to activation of the many 
scaffold-like targets of GTPases (see Figure 2). Dia is thought to 
act as a scaffold protein that can be activated by Rho and then 
interacts with profilin/actin. Recent work has revealed that the 
N-terminal 389 amino acids interacts with a region at the C- 
terminus (amino acids 1116-1255), which makes full-length Dia 
inactive. Binding of Rho to the N-terminal sequence releaves this 
inhibition and, in agreement with the model, Dia becomes 
constitutively active when the N-terminal inhibitory region is 
removed [91]. Interestingly a human genetic disease, non- 
syndromic deafness, results from amino acid substitutions in the 
C-terminal 52 amino acids of human Dial, and the experimental 
work suggests that this might create constitutively active protein 
[92]. WASP and N-WASP, two related Cdc42 targets, also 
appear to be regulated by an intramolecular interaction. The 
regions of WASP which bind to each other have recently been 
identified, using a tryptophan-fluorescence-quenching assay, as 
the N-terminal GTPase-binding domain (amino acids 230—310) 
and a cofilin-homology region at the C-terminus (amino acids 
461—492) [93]. Cdc42- GTP competes with WASP C-terminus for 
binding to the N-terminus and, according to NMR data, induces 
a conformational change in the WASP N-terminus quite different 
from its conformation when autoinhibited [93]. Owing to auto- 
inhibitory interactions, full-length N-WASP has decreased ac- 
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Figure 2 General model for activation of effector proteins 
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(1) Binding of Rho GTPase to effector relieves an antoinhibitory intramolecular interaction (this is clearly the case for the kinase PAK [80] and for the scaffold proteins Dia [91] and WASP [93], 
and maybe also for other effectors which contain autoinhibitory domains ; see the text). (2) The effector remains active until GTP hydrolysis takes place. (3) Alternatively a modification of the effector 
(Y, orange ellipses) (e.g. autophosphorylation, as is the case for PAK [72], phosphorylation by a separate kinase or binding to a different activating protein) may maintain activity even after dissociation 
of the GTPase. (4) Inactivation of the effector occurs though removal of modification Y (e.g. dephosphorylation or removal of a bound activating protein), allowing the effector to re-enter its inactive 


conformation 


tivity compared with the functionally important C-terminal acidic 
region alone, and Cdc42-GTP can activate N-WASP by releasing 
intramolecular interactions [94-97]. A variation on this mode of 
effector activation has been suggested for the Cdc42-binding 
protein IQGAP. In this case a seperate protein, calmodulin-Ca**, 
binds to IQGAP (via its IQ motif) and inhibits its binding to 
actin and Cdc42 [98,99]. This might provide a calcium-sensitive 
regulatory mechanism for controlling the activation of IQGAP 
[56]. 

Almost all Rho GTPase effectors have multiple domains, and 
some of these might regulate their activity. For example, the PH 
domains present in WASP and N-WASP are thought to promote 
association with membrane, through lipid binding, where 
they may encounter activated Rho GTPases [100]. The Rho 
effectors ROK and citron/citron kinase and the Cdc42 effectors 
MRCKx// also contain PH domains [101-104] (MRCKs are 
myotonic dystrophy kinase-related cdc42-binding kinases). 
Protein-protein, as well as protein-lipid, interactions can regulate 
the subcellular localization of GTPase effectors. For example, 
PRK2 (though not the related PKN/PRKI), WASP and PAK 
all contain Pro-Xaa-Xaa-Pro (Xaa is any amino acid) classic 
proline-rich SH3-binding motifs which have been reported to 
bind to the adaptor Nck [105-108]. Since Nck also has an SH2 
domain, it could recruit these effectors to activated receptor 
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tyrosine kinases. PAK also interacts with. another SH3-con- 
taining protein, xPIX (also known as Cool-2), though this 
interaction is via a non-classical SH3 domain-binding region of 
PAK (amino acids 175-206) [109,110]. xPIX, which is a Cdc42/ 
Rac GEF, can potentially activate PAK, and can also localize 
the kinase to specific sites within the cell ([79,110,111], but see 
[111a]; for example, paxillin recruits Cat/Git/Pkl to focal 
contacts which, in turn, binds to PIX [112], while free Gfy 
subunits released by activated G-protein-coupled receptors bind 
to G protein-coupled receptor kinases, which can also recruit 
Cat/Git/Pkl and therefore PIX [113]. Interestingly, another 
member of the PIX family, p5S0Cool-1, inhibits PAK, while 
p85Cool-1///PIX appears neither to inhibit nor activate PAK 
[114]. Exactly how the PIX-PAK interaction contributes to 
Rac/Cdc42 activity requires further investigation. 

It is noteworthy that many of the Rho GTPase effector 
proteins contain coiled-coil regions (ROK, citron, IQGAP, Dia) 
which in some proteins have been shown to facilitate oligo- 
merization, and indeed there is evidence that this is the case for 
IQGAP [115-117]. Effector oligomerization could add yet 
another level of complexity to target activation by Rho GTPases. 

Once PAK has been activated by its interaction with Rac/ 
Cdc42, it then autophosphorylates, which both decreases its 
affinity for GTPase (freeing the GTPase to bind to more effectors 


or to be inactivated by GAPs) and also maintains PAK in an 
open, activated conformation even when dissociated from the 
GTPase [72]. Similar mechanisms may exist for scaffold proteins, 
though in this case a separate kinase activity would obviously be 
needed to phosphorylate the effector (see Figure 2). WASP may 
be an example of this; it is a substrate for two tyrosine kinases 
found in lymphocytes, Lyn and Bruton’s tyrosine kinase (Btk) 
[118,119]. WASP shows increased Tyr phosphorylation in the 
presence of constitutively active Cdc42, indicating that Cdc42 
may recruit WASP to the site of Lyn and Btk activity [118]. 
The tyrosine residue phosphorylated by Btk (Tyr**') [119] is 
predicted to disrupt the autoinhibited fold of WASP N-terminus, 
so may stabilize WASP in an active conformation even in the 
absence of Cdc42 [93]. The presence, or not, of kinases which 
phosphorylate scaffold-like effectors, and the activity of phos- 
phatases (such as protein phosphatase 2A which co-precipi- 
tates with PAKI [120]) which dephosphorylate effectors which 
are held in an active conformation, may prove to be a general 
mechanism for regulating the kinetics of effector activity (see 
Figure 2). Also, in keeping with the model, binding of other 
proteins to an activated effector, in addition to or instead of 
phosphorylation, could stabilize effectors in an active confor- 
mation after GTPase dissociation (see Figure 2), although no 
clear example of an effector utilizing such a mechanism has yet 
been identified. 


EFFECTORS WHICH MEDIATE Rho GTPase FUNCTIONS 


Along with an understanding of how Rho GTPases interact with, 
and are activated by, effector proteins, there has been much 
interest in identifying the contributions of specific effectors to 
different GTPase functions. So far significant progress has only 
been made in identifying effectors involved in actin re- 
organization. 


Rho-induced actin reorganization 


At least two effectors, ROK and Dia, appear to be required for 
Rho-induced assembly of stress fibres and focal adhesions (Figure 
3). pl64ROKx (also known as Rho-associated kinase) and 
pl60ROK (also known as Rho-associated coiled-coil-contain- 
ing protein kinase or ROCK) are Ser/Thr kinases, whose kinase 
domains resemble that of myotonic dystropy kinase (52", 
identity). They also contain a coiled-coil region, a ROK-kinectin 
homology (RKH) Rho-binding domain, a PH domain and a 
Cys-rich region. ROKs are activated by binding to Rho-GTP 
[121,122]. Expression of the constitutively active catalytic domain 
of ROKx induces stellate actin-myosin filaments in HeLa and 
Swiss3T3 cells [101,123]. Inhibition of ROK, on the other hand, 
using a pharmacological inhibitor ( Y -27632) causes loss of serum 
and [Val *]Rho-induced stress fibres [124]. These results indicate 
that ROK is necessary, but not sufficient.for Rho-induced stress- 
fibre assembly. 

Two substrates of ROK which are likely to be key plavers in 
actin-myosin filament assembly are myosin light chain (MLC) 
[125] and the myosin-binding subunit (MBS) of MLC phos- 
phatase [126]. MLC phosphatase is inhibited by phosphorylation, 
indirectly leading to an increase in MLC phosphorylation (see 
Figure 3). Phosphorylation of MLC occurs at Ser'*, which 
stimulates the actin-activated ATPase activity of myosin II and 
promotes the assembly of actomyosin filaments [125-127]. 
Interestingly Rho-GTP also binds directly to the MBS of MLC 
phosphatase, but why Rho should bind to both kinase and 
substrate is unclear at present [128]. 
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Figure 3 Signal-transduction pathways involved in Rho-induced stress- 
fibre assembly (see the text for details) 


Another ROK target is LIM kinase (LIMK), which when 
phosphorylated is able to inhibit (by phosphorylation) cofilin, 
leading to stabilization of filamentous actin structures (Figure 3) 
[129,130]. ROK has also been reported to activate a ubiquitous 
Na'/H* exchange protein (NHEI) and this contributes, via an 
unknown mechanism, to stress fibre and focal adhesion formation 
[131-134]. Other substrates for ROK which could contribute to 
actin assembly are adducin, which is phosphorylated by ROK 
both in vitro and ín vivo, causing it to bind more strongly to F- 
actin [135,136], and the ERM (ezrin/radixin/moesin) family of 
proteins, which link actin to the membrane [137,138]. However, 
recent data has questioned whether ROK is in fact an in vivo 
ERM-activating kinase [139]. 

While the catalytic domain of ROK alone does not induce 
correctly organized stress fibres, it has been reported that, when 
combined with an activated (N-terminal truncation) version of 
Dia, stress fibres are induced [91,140,141]. This has lead to the 
idea that activation of both Dia and ROK by Rho are required 
in order to induce stress fibres. Dia (Dial and 2 in mammals) is 
a member of the formin-homology (FH) family of proteins and 
contains two FH domains [142]. The FH! sequence contains 
multiple proline-rich motifs which bind to the G-actin-binding 
protein, profilin. This interaction somehow allows Dia to con- 
tribute to actin polymerization and F-actin organization into 
stress fibres [91,142]. 

Many observations point to a role for lipids, particularly 
PIP,, in actin cytoskeleton rearrangements. For instance, the 
binding of PIP, to capping proteins such as gelsolin can induce 
their release from actin-filament barbed ends, providing a mech- 
anism whereby PIP, could increase actin polymerization [143]. 
There are some data to suggest that PIP, is involved in Rho 
effects. Injection of antibodies against PIP,. for example, has 
been reported to inhibit serum-induced assembly of stress fibres 
[144]. Furthermore, overexpression of phosphatidylinositol-4- 
phosphate 5-kinase (PI-4-P5K ) (to produce PIP,) induces massive 
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actin polymerization in COS-7 cells [145]. It is noteworthy that 
mutation of the gene for a yeast PI-4-P5K, mss4, results in 
defects in the formation of actin cables, which can be repressed 
by overexpression of Rho2p, a Rho-like GTPase [146]. A physical 
association between Rho and a type I (PI-activated) PI-4-P5K 
activity has been detected in Swiss-3T3-cell lysates, though this 
interaction is not GTP-dependent and may not be direct [147]. 
PIP, also binds to vinculin, increasing its talin-binding ability; 
therefore PIP, synthesis could also help to induce focal adhesion 
formation [144]. PI-4-P5K could, therefore, provide a link 
between Rho and the stimulation of both new actin poly- 
merization and of focal adhesions assembly. Additionally, 
[Val^]Rho and PI-4-P5K both induce ERM phosphorylation 
when overexpressed in fibroblasts, suggesting that Rho activation 
of PI-4-P5K may also be a mechanism by which Rho activates 
ERM proteins [139]. 

Cytokinesis also depends on the assembly of contractile 
actin-myosin filaments and has been shown to be Rho-dependent 
in Xenopus and sand-dollar (flat sea-urchin) embryos [38,39]. 
Rho is recruited to the cleavage furrow of Swiss3T3 cells during 
cytokinesis [148] and may utilize some of the same effector 
proteins required for stress-fibre formation. ROK, for example, 
phosphorylates and disassembles the intermediate filament 
protein glial fibrillary acidic protein to allow cleavage to occur 
[149], and a dominant-negative ROK construct (containing a 
mutant Rho-binding domain fused to the PH domain) inhibits 
cytokinesis when injected into Yenopus embryos and mammalian 
cells [150]. 

Mammalian Dia may be involved in cytokinesis, since it has 
been detected at the cleavage furrow in mitotic Swiss3T3 cells 
[141], and, in lower eukaryotes, FH-domain proteins are com- 
monly involved in cytokinesis. For example, the Drosophila 
homologue, diaphanous, is essential for cytokinesis [151], and 
two yeast formin-family proteins, Bnilp and Bnrl, are both 
required downstream of Rho GTPases for bud formation and 
bnil bnr1 double mutants are often multinucleate [152]. 

Citron kinase, which appears not to play a role in stress-fibre 
assembly, has been localized to the cleavage furrow in HeLa cells 
[103]. Citron kinase, like ROK, contains an N-terminal myotonic 
dystrophy kinase-like kinase domain (46 % identity with ROK a), 
a central coiled-coil region, a Rho-binding domain (with no 
homology with ROK), a Cys-rich region, a PH domain and, 
unlike ROK, a Pro-rich SH3 domain-binding region [102,103]. 
Truncations of citron kinase lacking the Rho-binding domain 
inhibit cytokinesis in HeLa cells, producing multinucleate cells 
[103], suggesting that this kinase acts downstream of Rho 
specifically at the cleavage furrow. Whether citron phosphoryl- 
ates a distinct subset of proteins from ROK, in order to fulfil its 
role in cytokinesis, is unknown. 


Cde42 effectors implicated in actin reorganization 


WASP is expressed in haematopoetic cells, and is the product of 
the X-linked immunodefficiency gene found in Wiskott-Aldrich 
syndrome ([153,154], but see [153a]. The more ubiquitously 
expressed (neuronally enriched) N-WASP, like WASP, also binds 
to Cdc42 [100,155,156]. WASP and N-WASP each contain an N- 
terminal PH domain, followed by WASP-homology domain 1 
(WH1), a CRIB domain, an SH3-binding proline-rich sequence, 
a WH2 domain containing verprolin-like sequences and an acidic 
C-terminus to which Arp2/3 binds (see below). It was observed 
that overexpression of N-WASP plus Cdc42 induces very long 
microspikes, like an exaggeration of Cdc42 activity [97], 
suggesting that these proteins may be involved in the formation 
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of filopodia downstream of Cdc42. N-WASP binds to profilin, 
and WASP and N-WASP bind directly to actin monomers 
through their verprolin-like WH2 domains [94,157,158]. A WASP 
binding partner, WASP-interacting protein (‘WIP’), which 
also binds to profilin and causes actin polymerization in BJAB 
cells may also be involved [159]. Recently it has been found that 
WASP/N-WASP, the yeast homologue Beelp and the WASP- 
like Scar proteins (which do not contain a Cdc42-binding 
domain), bind directly to, and activate, the Arp2/3 complex via 
their acidic C-terminus [94,95,160]. The Arp2/3 complex binds 
to actin monomers and acts as a nucleation site for new actin 
polymerization [161,162]. Furthermore, Cdc42-GTP has been 
shown to induce actin polymerization m vitro, in extracts from 
Xenopus, the cellular slime mould Dictostelium discoideum or 
polymorphonuclear leucocytes [163,164], and biochemical 
disection of this process has revealed that the Arp2/3 complex 
and N-WASP are required [96]. Thus, WASP/N-WASP is 
activated by Cdc42 (plus lipids) and can then act as a scaffold to 
recruit the machinery required for new actin polymerization, 
actin monomers/profilin, and the Arp2/3 complex (Figure 4). 

Cdc42 also interacts with two Ser/Thr kinases that are thought 
to be involved in actin reorganization and filopodia formation, 
MRCKs «a and f. MRCKs are Cdc42-specific effector pro- 
teins which contain a PH domain and a ROK-like kinase domain 
which can phosphorylate MLC. Kinase-dead MRCKa inhibits 
Cdc42-induced filopodia, and overexpression of MRCKa 
synergizes with Cdc42 to induce large filopodia in HeLa cells 
[104]. The Drosophila homologue of MRCK, Genghis Khan 
(‘GEEK’) is known to be required for cytoskeletal regulation 
during oogenesis [165]. Another protein that is able to synergize 
with Cdc42 to produce large filopodia-like structures is the new 
PAK family member PAK4 [81]. PAK4 has a CRIB motif (see 
Figure la) and a kinase domain similar to PAKs 1-3, but its 
sequence is divergent outside of these regions. PAK4 acts quite 
differently to PAKs 1—3, in that it binds to Cdc42 and not to Rac, 
and it is not activated by GTPase binding. 


Rac effectors implicated in actin reorganization 


To date there are few examples of unique Rac effectors that have 
been implicated in actin reorganization. POR-1 (Partner of Rac) 
has been implicated in Rac-induced lamellipodia formation, 
since truncations act as dominant negative constructs [166,167], 
and p140Sra-1 (Specific Racl-associated protein) co-sediments 
with F-actin, implying a role in Rac-induced actin reorganization 
[168]. However, little more 1s known about the cellular functions 
of these two proteins. A better characterized target of Rac is PI- 
4-PSK. Rac interacts directly with PI-4-PSK, though this ın- 
teraction is not GTP-dependent [169]. It has been established, 
using permeabilized platelets, that thrombin-induced actin-fi- 
lament assembly requires actin-filament uncapping, which is 
absolutely dependent upon an increase in PIP, levels, and that 
this is mediated by Rac activation of a type I PI-4-P5K [170,171]. , 

.Interestingly a WASP-like Verprolin-homologous protein 
(WAVE, also known as Scar) can be precipitated with Rac, 
though it is not known if this is through a direct interaction. 
WAVE localizes to membrane ruffles, and its overexpression 
causes actin clusters, an activity which requires the profilin- 
binding and verprolin-homology (actin-binding) domains. A 
verprolin-homology-domain mutant of WAVE inhibits Rac- 
induced ruffling, further suggesting an im vivo link between 
Rac and WAVE [172]. WAVE, like WASP/N-WASP, has been 
shown to interact with, and activate, the Arp2/3 complex through 
its C-terminal acidic domain (see Figure 4) [94,95], but so far it 
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Figure 4  Signal-transduction pathways induced by Rac and Cdc42 (shown in red), which are thought to contribute to the formation of actin-containing 


lamellipodia and filopodia respectively (see the text for details) 


has not proved possible to induce actin polymerization in cell- 
free extracts with Rac, as has been done with Cdc42 [164]. 


Rac and Cdc42 effectors implicated in actin reorganization 


Some common target proteins appear to be utilized by both Rac 
and Cdc42 in the induction of lamellipodia and filopodia 
respectively. PAK1,2,3 are Ser/Thr kinases, related to yeast 
Ste20, which have received a great deal of detailed attention 
[72,173,174]. In vitro, PAK1 and 3 bind equally well to Cdc42 
and Rac, though Cdc42 simulates PAK 1 activity more strongly 
than does Rac [173]. PAK2 only inhibits the intrinsic GTPase 
activity of Rac, and not Cdc42, suggesting that it may be a Rac 
target [175]. However, it is difficult to decide whether PAK 1,2,3 
are targets for Rac, Cdc42 or both in vivo from these in vitro 
interactions. There have been conflicting reports linking PAKs to 
actin changes. Activated mutants of PAKI have been reported 
to induce both filopodia and membrane ruffles in Swiss3T3 cells 
and to cause neurite outgrowth in PCI2 cells, similar to the 
effects of constitutively active Cdc42 and Rac [176,177]. PAKI 
has been seen to localize to membrane ruffles, as well as 
phagocytic actin-containing cups, in N-formylmethionyl-leucyl- 
phenylalanine-stimulated neutrophils [178]. Interestingly, PAK- 
induced cytoskeletal changes are partly independent of its kinase 
activity, but require membrane targetting [176,177,179]. Other 
groups, however, have failed to find any effects of PAK over- 
expression on the actin cytoskeleton ([58,59], but see [59a]), and. 
taken together, these results suggest that PAKs are capable of 


affecting the actin cytoskeleton but that they only do so in co- 
operation with other signals that may or may not be present in 
the cell lines tested. 

A variety of substrates for PAKs have been identified that 
could affect the actin cytoskeleton. Rac, like Rho, induces 
phosphorylation of LIMK [180]. and PAKI has been shown 
to phosphorylate LIMK in vitro [181]. Also, an inactive form of 
LIMK has been shown to inhibit both Cdc42 and Rac induced 
actin changes [182], suggesting that cofilin phosphorylation may 
be a general requirement in Rho GTPase pathways (Figures 3 
and 4). PAK has been reported to phosphorylate and inactivate 
MLC kinase, decreasing MLC phosphorylation and reducing 
actomyosin assembly (Figure 4) [183]. There has also been à 
report of Rac-induced phosphorylation of myosin II heavy 
chain, which potentially would also lead to loss of actomyosin 
filaments [127]. Dominant-negative PAK inhibits this phos- 
phorylation, but active PAK does not reconstitute the effect, 
suggesting that multiple effectors may mediate this activity [184]. 

IQGAPI! and 2 (named GAPs because of some homology with 
Ras GAP) are effectors for Rac and Cdc42 and may be involved 
in actin polymerization [63,185,186]. IQGAP has been detected in 
a complex with F-actin and Cdc42, which is enhanced by EGF 
and disrupted by dominant-negative Cdc42 [99]. IOGAP is able 
to oligomerize and to cross-link F-actin in vitro, an activity which 
is enhanced by GTP[S]-Cdc42 [115]. It has, therefore, been 
suggested that IQGAP oligomers may form upon binding to 
GTPase after dissociation of calmodulin, and that somehow this 
facilitates cross-linking of F-actin. In yeast an IQGAP homo- 
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logue, Iqg1/Cyklp, ıs involved in actin recruitment to the bud 
neck [187], and in Dictyostelium DdGAP1, also IQGAP-like, 
regulates cytokinesis [188]. Whether IQGAP is involved in 
cytokinesis in mammalian cells is unknown [189]. 


Effectors Involved In actin-independent activities of Rho GTPases 


Overexpression of activated Rac and Cdc42 leads to activation 
of the JNK and p38 MAP kinase pathways in a variety of cell 
types [49,50,190]. JNK activation by certain growth factors 
and cytokines [e.g. EGF, tumour necrosis factor æ (TNFa) and 
transforming growth factor £] has been reported to be inhibited 
by dominant-negative Rac and Cdc42 [49,191], but it is still not 
clear how general the role of Rac/Cdc42 1s in JNK activation. 
In Swiss3T3 cells, for example, TNFa induction of JNK is not 
dependent on Cdc42 [192]. Which Cdc42/Rac effectors mediate 
JNK activation in mammalian cells is still unclear. In Drosophila 
there is good genetic evidence for a link from DRacl and 
DCdc42, via mis-shapen (PAK-like), to hemipterous (a JNK 
kinase), a pathway that is essential for dorsal closure [193,194]. 
Also, in yeast, a PAK-like kinase, Ste20, acts downstream of 
Cdc42 and is required for activation of the Ksslp/Fus3p MAP 
kinase cascade in the mating-pheromone response [195,196]. 
While mammalian PAKI has been observed to enhance p38 
activation when co-expressed with Rac and Cdc42, and 
constitutively active PAKI and PAK3 has been reported to 
activate JNK in COS cells [197,198], many other groups have 
failed to find PAK activation of JNK or p38 ([57,59,61,199], but 
see [59a]). 

Additional Rac/Cdc42 targets which may mediate JNK ac- 
tivation are: (1) Mlks 1, 2 and 3, which contain CRIB motifs and 
act as MAP kinase kinase kinases (MEK Ks) [60,69,200,201]; (2) 
MEKK 1 and MEK K4, which also interact with Rac and Cdc42 
(MEKK4 has a CRIB domain). All are strong activators of JNK 
when overexpressed, and inhibitory-kinase-dead MEKK1 or 
MEKK4 mutants block Rac/Cdc42-induced JNK [202]. How- 
ever, to date no physiological link has been made between Rac/ 
Cdc42 and MIk1, MIk2 and MJk3 or MEKK1 and MEKK4. 

All three Rho GTPases have been implicated in the assembly 
and/or maintenance of cell-cell contacts [53]. In general the 
mechanisms mediating these effects are unknown; however, a 
recent report suggests that IQGAP1 may be involved [54]. 
IQGAP1 appears to interact with f-catenin, preventing its 
association with a-catenin; free IQGAP (i.e. not bound to Cdc42 
or Rac) could, therefore destabilize cell-cell contacts [203,204]. 

Finally, Rac is known to be a regulator of the NADPH 
oxidase complex, a specialized enzyme of phagocytic cells that 
generates oxygen radicals to kill internalized micro-organisms 
[51,205,206]. A cytoplasm-derived component of the oxidase 
complex, p67?*^*, binds directly to Rac [207]. Data suggest that 
the role of Rac is not to promote relocalization of this cytoplasmic 
protein to the membrane-bound catalytic components, as was 
first thought, but rather to act as an allosteric regulator by 
inducing a conformational change in the preformed complex to 
promote catalytic activity [63]. 


Conclusions 


In conclusion, the wide range of Rho GTPase activities identified 
to date (see above and Table 1) 1s reflected in the large number 
of cellular targets with which they interact. Over 30 have now 
been identified (see Table 2), and it ıs likely that the hist is not 
complete. The three-dimensional analysis of GTPase-effector 
complexes has increased our understanding of how a Rho 
GTPase can interact with many different effector proteins in a 
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specific manner. However, to date only three effectors, PKN, 
WASP and ACK, have been analysed in this way, and these 
studies have all used isolated GTPase-binding domains and not 
full-length effector proteins. An emerging theme is that effectors 
can be activated by Rho GTPases through the relief of auto- 
inhibitory sequences. Clearly an analysis of the full-length effector 
proteins, carried out in solution, will be required to fully 
characterize the consequences of GTPases binding to their 
targets. Another potentially common feature, already demon- 
strated for PAK, 1s that additional cellular activities, such as 
kinases or other protein-protein interactions, can influence 
effector activity (see Figure 2). Progress has been made in 
identifying the cellular contributions of a handful of effectors. 
The clearest links downstream of Rho GTPases are in the area of 
cytoskeletal reorganization, where some targets appear to be 
essential (see Figures 3 and 4), while others have been shown to 
have the potential to be involved (see above). Another interesting 
possibility is that a Rho GTPase might interact with different 
subsets of effectors depending upon the cellular context and 
possibly upon the mechanism of activation; the large family of 
Rho GEFs could possibly contribute to such variations. A future 
challenge, so far not really addressed, will be to understand the 
spatial and temporal control of GTPase activity and the co- 
operation of Rho GTPases with other signalling networks. 
Finally, added to this complexity it should be remembered that 
Rho, Rac and Cdc42 are only three members of the Rho GTPase 
family: the functions of the seven other members awaits serious 
investigation. 
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Phosphate-activated glutaminase has a critical role in tumours 
and rapidly dividing cells and its activity is correlated with 
malignancy. Ehrlich ascites tumour cells transfected with the 
pcDNA3 vector containing an antisense segment (0.28 kb) of rat 
kidney glutaminase showed impairment in the growth rate and 
plating efficiency, as well as a shortage in the glutaminase protein 
and activity. The C-terminal segment used is well conserved in all 
glutaminase sequences known. The transfected cells, named 
0.28AS-2, displayed remarkable changes in their morphology 
compared with the parental cell line. The 0.28A S-2 cells also lost 
their tumourigenic capacity m vwo. Control mice developed an 


ascitic tumour, with a lifespan of 16-- 1 days, when inoculated 
with 10* cells/mouse; on the contrary, animals inoculated with 
transfected cells up to 2.5 times the cell numbers of control mice 
did not develop tumours and behaved as healthy animals. The. 
ability to revert the transformed phenotype of antisense- 
transfected cells confirms the relevance of glutaminase in 
the transformation process and could provide new ways for the 
study of gene therapy. 


Key words: cancer, cell proliferation, gene expression blockage, 
glutamine therapy. 





INTRODUCTION 


Tumour cells need a constant supply of both energy and nitrogen 
substrates. Glutamine, the most abundant amuno acid in the 
plasma, is described as the main physiological nitrogen vehicle 
between different mammalian tissues [1]. The presence of a 
tumour produces great changes in the host glutamine metabolism 
a few days after tumour transplantation, resulting in an increase 
in the circulating glutamine [2]. Before being metabolized, 
glutamine must be transported across both the plasma membrane 
[3] and the inner mitochondrial membrane [4], since phosphate- 
activated glutaminase, the first step in the glutaminolytic process, 
is loosely anchored to the inner leaflet (on the matrix side) of the 
mitochondria [5]. Malignant cells transport glutamine at a faster 
rate than non-malignant cells across their plasmatic membranes 
by means of Na*-dependent A and ASC amino acid-transport 
systems [3], and across the inner mitochondrial membrane by a 
carrier-mediated system [4]. 

Many experimental data provide evidence that phosphate- 
activated glutaminase (EC 3.5.1.2) is correlated with malignancy 
in tumours [6,7]. The enzyme is differentially expressed; its 
activity reaches a maximum during exponential growth phase, 
and the relative abundance of glutaminase mRNA significantly 
increases as compared with the stationary growth phase [8,9]. 
Thus glutaminase activity parallels the levels of poly(A)* RNAs 
encoding for mitochondrial glutaminase. The enzyme has been 
isolated to homogeneity from Ehrlich ascites carcinoma; the 
tumour enzyme shows kinetic behaviour that resembles kidney- 
type glutaminase [10,11]. 

The presence of high levels of glutaminase seems to be a 
common feature of rapidly dividing cells. Nevertheless, neither 
energy nor biosynthetic requirements can totally explain the very 
high glutaminolytic flux found in tumours and rapidly dividing 
cells (see [12,13] for reviews). Crabtree and Newsholme [14] 
suggest that active glutaminolysis 1s needed for preparing cells to 


supply energy or metabolic precursors when required, and 
consequently cells behave as dissipative systems. In spite of the 
relevance of glutaminase in cancer growth, studies on this enzyme 
are scarce. 

The present study was undertaken to gain direct evidence on 
the role of glutaminase in tumour growth and proliferation. 
Ehrlich ascites carcinoma cells cultured im vitro have been 
transfected by lipofection with the plasmid pcDNA3 containing 
an antisense 3’-cDNA segment of rat glutaminase that is well 
conserved in all known glutaminase sequences. If our working 
hypothesis is correct, that 1s, that glutaminase 1s essential for cell- 
transformed phenotype sustenance, the inhibition of glutaminase 
by producing a glutaminase antisense RNA must result in a 
decrease in the proliferation rate and other characteristics of the 
transformed phenotype. The presented results confirm this hypo- 
thesis and the relevance of glutaminase in maintaining the 
malignant phenotype of tumour cells. Furthermore, transfected 
cells lost their tumourigenic capacity in vivo when inoculated in 
isologous mice. 


MATERIALS AND METHODS 
Construction of plasmids expressing antisense-RNA glutaminase 


Two partial-length rat kidney glutaminase cDNA segments, 
HindIII (1893)-EcoRI (1614) and EcoRI (3314)—EcoRI (1614), 
obtained from the pGA104 recombinant plasmid [15], were 
subcloned 1n their antisense orientations behind the cytomegalo- 
virus promoter of the pcDNA3 vector from Invitrogen (San 
Diego, CA, U.S.A.) by standard recombinant techniques The 
resulting constructions were designated pcDNA3-0.28 and 
pcDNA3-1.7, respectively. The structures of the recombinants 
were verified by restriction-enzyme digestion of isolated DNA. 
The 3'-end sequences of 1.7 and 0.28 kb were selected because of 
the high sequence similarity found amongst cDNAs coding for 
C-terminal ends of known glutaminases [9,15—17]. The antibodies 


Abbreviations used EATC, Ehrlich ascites tumour cell, MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny! tetrazolium bromide 
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against renal glutaminase and the pGA104 plasmid were kindly 
supplied by Professor N. P. Curthoys (Colorado State University, 
Fort Collins, CO, U.S.A.). 


Cell culture and transfection procedure 


The Ehrlich ascites tumour cell (EATC) line from the American 
Type Culture Collection, CCL-77, and its derivatives after 
transfection were grown in adherent cultures in RPMI-1640 
medium (Sigma, St. Louis, MO, U.S.A.) supplemented with 
10 % fetal calf serum and antibiotics. The cultures were incubated 
in a humidified atmosphere at 37 °C with 5% CO,/95 % air. The 
culture medium for cell lines containing the neomycin-resistance 
gene was supplemented with 600 ug/ml G418. The plasmids or 
the vector control pcDNA3 were transfected in EATCs by 
lipofection using the lipid Dosper (Boehringer Mannheim, 
Mannheim, Germany). Cells were selected after growing in 
complete RPMI-1640 medium containing 600 ug/ml G418 for 
2—3 weeks Following G418 selection, 12 drug-resistant (neo*) 
clones (six from each construction transfected) were picked 
randomly from different plates and studied after expansion. As 
a control, six neo* clones were picked from EATCs transfected 
with the pcDNA3 vector lacking the antisense sequences (vector- 
control cells). 


Growth rates 

Cells (10* cells/3 ml of medium) were seeded in each well of a six- 
well plate and allowed to grow for different times. The trypsin- 
treated cells were counted on a haemocytometer or using a 
Coulter counter (Coulter, Luton, Beds., U.K.). Cell lines express- 
ing the antisense glutaminase RNA segments, cells transfected 
with the empty vector, and the parental EATC line were studied. 
Growth assays were determined by cell enumeration in triplicate 
for each cell line on every day of culture up to the seventh day. 
Doubling times and saturation densities were calculated by 
standard methods. All experiments were repeated at least three 
times and gave similar results. Cell growth rates were also deter- 
mined by the MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl 
tetrazolium bromide] method described by Mossman with 
sight modification [18]. 


Colony-forming assays 


Cells were seeded in triplicate with 250 cells/10-cm dish in 
complete medium. After 15 days of growth, the cells were fixed 
and stained with 5% Giemsa stain, and the grossly visible 
colonies were counted All experiments were repeated at least 
three times and gave similar results 


Blotting assays 


Glutaminase protein in total cell extracts of transfected and non- 
transfected EATCs were subjected to Western-blot analyses. 
Exponentially growing cells (60-80 95 confluence) were pelleted 
by centrifugation, washed twice with ice-cold PBS, and lysed on 
ice in RIPA buffer, pH 7.6 [30 mM Hepes, 150 mM NaCl, 1.0% 
(v/v) Triton X-100, 0.1% (w/v) SDS and 1.0% (w/v) deoxy- 
cholic acid], with added proteinase inhibitors, pepstatin A 
(1.0 ug/ml), leupeptin (10 ug/ml) and 0.2 mM PMSF. Lysates 
were clarified by centrifugation at 10‘ g for 10 min at 4 °C. Cell 
protein (25 ug/lane) was electrophoresed on 10% SDS/ 
polyacrylamide gels and transferred to nitrocellulose mem- 
branes. The membranes were first incubated with a rabbit anti- 
rat renal glutaminase polyclonal antibody and then with a 
goat anti-rabbit IgG-biotin and avidin-peroxidase antibody; the 
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anti-rat glutaminase polyclonal antibodies recognize Ehrlich 
ascites cell glutaminase [10]. Glutaminase bands were detected 
using diaminobenzidine as a substrate (Sigma). 

Northern-blot analyses were performed as described elsewhere 
[8] using the 0.28kb rat kidney cDNA segment, mentioned 
above, as a probe. 


Glutaminase assay 


Phosphate-activated glutaminase activities were determined as 
follows: harvested cells were washed three times with 0.1 M 
Tris/HCl, pH 8.0, and suspended in the same buffer for 3 h in 
order to deplete endogenous substrates. The reaction medium 
was 0.1 M phosphate, 20 mM glutamine, 20 ug/ml oligomycin 
and 1.2 ug/ml antimycin A, to prevent mitochondrial glutamate 
oxidation. Under these conditions glutamine and phosphate are 
at saturating concentrations [19]. For each assay 0.2ml of 
cell suspension was used, equivalent to 10* cells; after 6 min 
of incubation at 37 ?C the reaction was stopped by the addition of 
0.5 ml of 0.4 M HCI. The KOH-neutralized mixture was centri- 
fuged at 16000 g for 5 min. Finally, the glutamate formed was 
determined by the method according to Lund [20]. To be sure 
that glutaminase was indeed the assayed enzyme, the results 
obtained using controls without phosphate were always sub- 
tracted. Blanks with samples omitted were also run in parallel. 


Tumourigenicity assay 


To assess tumourigenic capacity, the transfected cDNA 
glutaminase antisense 0.28AS-2 line was intraperitoneally inocu- 
lated in isologous Swiss albino female mice of approx. 25 g in 
weight. Tumour growth was followed by the daily weighing of 
each animal [1] The mice were housed in a controlled- 
environment animal facility and allowed free access to food and 
water. 


RESULTS 


Growth characteristics and morphology of the glutaminase- 
antisense-RNA-expressing celis 


Transfection with an antisense glutaminase cDNA allows the 
blockage of gene expression [21]. Ehrhch ascites carcinoma cells 
growing in vitro have been transfected by lipofection, with two 
different genetic constructions (pcDNA3-1.7 and pcDNA3-0.28), 
as described in the Materials and methods section. After trans- 
fection, 12 different cell clones were selected (six from each 
construction transfected), and their cell-proliferation rates were 
determined for each clone by cell enumeration in a Coulter 
counter. EATC line and cell clones transfected with the pcDNA3 
vector without any insert were used as controls. All transfected 
clones with the antisense glutaminase cDNA segments (1.7 and 
0.28 kb) showed a decrease in growth rate. This decrease was 
more pronounced in cell lines transfected with the shorter 0 28 kb 
segment of glutaminase antisense cDNA (0.28AS cells). Figure 1 
shows the average growth curve of 0.28AS cells, which had a 
growth rate approx. 50% less than that of the controls. Colori- 
metric analyses of tetrazolmum-stained cells provide a reliable 
approximation of cell-proliferation capacity [22,23]; the data 
obtained using the MTT test confirmed the above-expressed 
results by cell enumeration. 

For the following growth-related experiments one of the 
0.28AS cell lines, named 0.28AS-2, was selected. The main 
growth parameters of the 0.28AS-2 line are displayed in Table 1. 
The decrease in both proliferation and plating efficiency 1s 
noteworthy. This clone displayed a remarkable change in mor- 
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Figure 1 Growth curves of the 0.28AS clones expressing an antisense rat 


kidney RNA glutaminase segment compared with controls 


EATC indicates the parental cell line; vector-control indicate cells transfected with the pcDNA3 
vector without insert. Each point in the parental line is the mean of three different experiments: 
S.D. bar sizes are smaller than the symbols. Each point for vector-control and 0.28AS cells is 
the mean + S.D. of six different lines; all experiments were carried out in triplicate 


Table 1 Growth characteristics of cDNA antisense glutaminase 0.28AS-2 
transfected cells 


EATC, parental cell line; vector-control, EATC line transfected with pcDNA3 vector without 
insert; 0.28AS-2, EATC line transfected with pcDNA3-0.28 construction, Saturation density 
represents the number of cells at saturation density per 35-mm diameter plate. Values shown 
are means + S.D. Experimental difterences between 0.28AS-2 cells and the two controls were 
analysed by the Mann--Witney U test; *P < 0.05 








Characteristics FATC Vector-controi 0.28A5-2 

Doubling time (h) 28.5 3- 1.5 28.9 -- 2.0 354 -- 0.8" 
Saturation density ( x 10") 27+0.1 2.7 0.1 23+0.1° 
Plating efficiency (*5) 44+10 38+ 2.0 26 + 2.0° 








Figure 2 Optical microscopy 
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Figure 3 Tumour growth in vivo 


Tumour growth was determined by normalized weights of inoculated animals. Normalized 
weights are displayed as W./W, (Wa, weight at day d; Wa. weight at day 0). A. Mice inoculated 
with 10° EATC parental cells. Bi. Mice inoculated with 10’ vector-control-transfected cells. C 
Mice inoculated with 10’ 0.28AS-2 antisense-glutaminase-transfected cells. @. Mice inoculated 
with 2.5 x 10' 0.28AS-2 antisense-glutaminase-transtected cells. Each point is the mean + S.D 
tor Six animals. Vertical arrows indicate the day on which all the animals in that particular cohort 
died; horizontal arrows indicate that animals survived. Similar results were obtained with 
animals inoculated with up to 4-fold antisense-glutaminase-transfected cells 


phology, compared with control cell lines (Figure 2): cells became 
polygonal and formed adherent clumps, in contrast with the 
random growth pattern of the controls. The 0.28AS-2 line 
also showed a significant decrease, about 40 ",, in its cloning 
efficiency, and the duplication time was greater than the controls, 
the EATC parental line and the cells transfected with the 
pcDNA3 empty vector. 

Figure 3 displays the results of experiments on tumourigenicit) 
in vivo using the 0.28AS-2 cells, compared with the control lines. 


m Q^ "Ne 





-— 


EATC parental cell line (A); vector-control (B) and 0.28AS-2 antisense glutaminase-transfected cell line (C). Identical magnifications were used for each line 
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Figure 4  Glutaminase activity versus growth time of three different 0.28AS 
clones expressing antisense rat kidney glutaminase segment compared with 
controls 


Fach point is the mean -+ S.D. for three different experiments. mU, m-units. 
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Figure 5 Western-blot analyses showing the decrease in glutaminase 
protein after expression of antisense 0.28 kb cDNA glutaminase segment 


Lane 1, EATC parental cell line: lane 2, vector-control cell line; lane 3, 0.28AS-1 antisense- 
transfected cell line; lane 4, 0.28AS-2 antisense-transfected celi line: and lane 5, 0.2845-3 
antisense-transfected cell line. PAG, ohosphate-activated giutaminase. 


Mice inoculated with 10° control-line cells developed ascitic 
tumours and died after 16+1 days; on the contrary, mice 
inoculated with the same number of antisense-expressing cells 
did not develop any tumours. Tumour growth in vivo was 
estimated by following the increase in total animal weight daily 
[1]. When animals were inoculated with a higher number of 
antisense-glutaminase-transfected cells, they only showed an 
increase in total weight in the first few days after inoculation due 
to the presence of ascitic fluid, but no cellular growth was 
Observed. Several days later the ascitic fluid disappeared and the 
animals recovered their normal weight. None of the animals 
inoculated with antisense-glutaminase-transfected 0.28A S-2 cells 
showed any tumours, and they survived for several months. 


Phosphate-activated glutaminase activity in antisense-transfected 
celis 


Phosphate-activated glutaminase activities were determined in 
transfected and non-transfected cells during cell growth. The 
glutaminase activity profiles versus time obtained for cultured 
cells in vitro were similar to those obtained in vivo in intact ascites 
carcinoma cells growing in mice [8]. Glutaminase activity reached 
its maximum during the exponential phase of growth, with a 
subsequent decrease at the stationary phase of growth. Figure 4 
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shows the glutaminase activities versus time of three 0.28AS lines 
compared with the controls. The activities were similar in both 
controls used, but all transfected cells with the 0.28 kb antisense- 
cDNA  glutaminase insert showed significant decreases in 
glutaminase activities. Western-blot analyses of these three 
0.28AS lines, using polyclonal anti-rat renal glutaminase anti- 
bodies, showed a clear shortage of the glutaminase protein 
(Figure 5), consistent with the shortage in glutaminase activity. 
Non-significant changes were observed in glutaminase mRNA 
levels in Northern-blot experiments. 


DISCUSSION 


The scope of the present work was to confirm the critical role 
played by phosphate-activated glutaminase in the growth and 
proliferation of tumour cells [12,13]. The results presented here 
demonstrate that the stable expression of heterologous, but 
highly conserved [16.17], rat glutaminase cDNA antisense 
segments in mouse EATCs leads to a decrease in the proliferation 
capacity in vitro. After screening the behaviour of different stably 
transfected cell clones, the one named 0.28A S-2 was selected for 
the most characteristic growth experiments. As a consequence of 
transfection with cDNA antisense glutaminase, the cells are 
impaired markedly in their growth and proliferation capacity, 
since they show a longer doubling time and a decrease in their 
saturation density and plating efficiency, parameters that are 
correlated with malignancy. Cells also show marked changes in 
their morphology. 

The transfected cells also display a decrease in the levels of 
glutaminase protein and activity; as mentioned above, many 
experimental data support a direct. correlation. between 
glutaminase activity and malignancy in tumours [6,7]. 

These results, taken together, provide evidence that the in- 
hibition of the expression of glutaminase in tumour cells tends to 
revert their transformed phenotype towards normality. Fur- 
thermore, they confirm the relevance of glutamine and 
phosphate-activated glutaminase, the first step in the glutamino- 
lytic process, which is essential for maintaining the energy and 
nitrogen metabolism of tumour cells [24]. Recently Spittler et al. 
[25] have reported similar results using an opposite strategy; in 
fact, they have communicated that low glutamine concentrations 
in the culture medium induce phenotypic and functional different- 
iation of U937 myelocytic cells. 

But, what is perhaps most remarkable is that the 0.28AS-2 
cells, which are able to grow in vitro, lose their tumourigenic 
capacity when they are intraperitoneally inoculated into isolo- 
gous mice. The antisense derivative cells inoculated do not 
develop any tumours, as the controls do. Control mice (inoculated 
with parental and vector-control-transfected cells) die 16431 
days after inoculation; the animals inoculated with cell numbers 
up to 2.5-fold greater than the controls survive after several 
months without any apparent disease. These results indicate that 
phosphate-activated glutaminase is not only essential for tumour 
growth and progression, but that this enzyme also seems to play 
a critical role in maintaining the tumourigenic capacity. Further- 
more, the present studies provide evidence that the inhibition 
of glutaminase expression in tumour cells reverts the transformed 
phenotype in vitro, and inhibits their tumourigenicity in vivo. 

Many attempts have been made in the use of glutamine-related 
chemotherapy in experimental oncology and in human patients 
[26.27]. The usefulness of glutamine analogues [azaserine, azoto- 
mycin, DON (6-diazo-5-oxo-r-norleucine) and acivicin] is very 
limited [28] in anti-tumour therapy because of their toxicity and 
the undesirable collateral effects. The use of glutamine clearance 


w 


by exogenous glutaminase has been utilized in lymphoblastic 
leukaemia [29], but it is also limited. These findings open up the 
possibility of new approaches for the clinical use of glutamine- 
related therapy. 
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Saccharomyces cerevisiae Yakip protein kinase autophosphorylates on 
tyrosine residues and phosphorylates myelin basic protein on a C-terminal 


serine residue 
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The serine/threonine protein kinase, Yaklp, functions as a 
negative regulator of the cell cycle in Saccharomyces cerevisiae, 
acting downstream of the cAMP-dependent protein kinase. In 
the present work we report that overexpression of haem- 
agglutinin-tagged full-lengthYakip and an N-terminally trun- 
cated form {residues 148-807) lead to growth arrest in PKA 
compromised yak/ null yeast cells. Both forms of recombinant 
Yaklp kinase were catalytically active and preferred myelin basic 
protein (MBP) as a substrate over several other proteins. 
Phosphopeptide analysis of bovine MBP by tandem MS revealed 
two major Yakip phosphorylation sites, Thr-97 and Ser-164. 
Peptides containing each site were obtained and tested as Yaklp 
substrates. Both forms of Yaklp phosphorylated a peptide 
containing the Ser-164 residue with far more efficient kinetics 
than MBP. The maximal velocity (Vaa) values of the full-length 
Yaklp reaction were 110+21 (Ser-164) and 8.7+1.7 (MBP), 
and those of N-terminally truncated Yaklp were 560.7 +74.8 
(Ser-164) and 34.4+2.2 (MBP) pmol/min per mg of protein. 
Although neither form of Yaklp was able to phosphorylate 


two generic protein tyrosine kinase substrates, both were 
phosphorylated on tyrosine residues m vwo and underwent 
tyrosine autophosphorylation when reacted with ATP in vitro. 
Tandem MS showed that Tyr-530 was phosphorylated both in 
vivo and in vitro after reaction with ATP. Pre-treatment with 
protein tyrosine phosphatase 1B removed all of Yakip phos- 
photyrosine content and drastically reduced Yakip activity 
against exogenous substrates, suggesting that the phospho- 
tyrosine content of the enzyme is essential for its catalytic 
activity. Although the N-terminally truncated Yaklp was 
expressed at a lower level than the full-length protein, its catalytic 
activity and phosphotyrosine content were significantly higher 
than those of the full-length enzyme. Taken together, our results 
suggest that Yaklp is a dual specificity protein kinase which 
autophosphorylates on Tyr-530 and phosphorylates exogenous 
substrates on Ser/Thr residues. 


Key words: dual-specificity protein kinases, protein phosphoryl- 
ation, Yaklp. 





INTRODUCTION 


Functional modification of cellular proteins by reversible 
phosphorylation represents a major signalling mechanism in 
eukaryotic cells [1,2]. It is catalysed by a large family of protein 
kinases [3] that share structural similarities within a catalytic 
domain of about 300 amino acids encompassing 11 kinase 
subdomains [4]. Most protein kinases also contain regulatory 
domains on their N- and C-termini, which regulate the catalytic 
activity of the kinase, its sub-cellular localization and its inter- 
actions with cellular substrates and other proteins (see [4] for a 
review). 

The family of protein kinases can be divided based on 
functional and structural parameters into three major sub- 
families: (a) the protein tyrosine kinases phosphorylating the 
phenolic hydroxy group of tyrosine, (b) the protein Ser/Thr 
kinases phosphorylating the hydroxy group on the f-carbon of 
serine and threonine, and (c) the dual specificity protein kinases 
which catalyse phosphorylation of exogenous substrates and/or 
autophosphorylation on both tyrosine and serine/threonine 
residues [2,5-11]. The best characterized kinases of the dual- 


specificity class are the mitogen-activated protein (MAP) kinase 
kinases (for example mammalian MEK 1 and MKK4 and yeast 
Ste7p), which activate the MAP kinases, extracellular signal- 
regulated protein kinase (ERK)2, SAPK and Fus3p/Ksslp 
respectively by phosphorylating on both threonine and tyrosine 
residues [5,6,12,13]. Several dual-specificity kinases have been 
identified which autophosphorylate on tyrosine and serine/ 
threonine residues but do not appear to phosphorylate exogenous 
substrates on tyrosine. These include transforming growth factor 
(TGF receptor, and MckIp and Hrr25p from Saccharomyces 
cerevisiae [14-16]. Recently, a new subfamily of dual specificity 
protein kinases which autophosphorylate on tyrosine and serine / 
threonine, but do not appear to phosphorylate exogenous 
substrates on tyrosine was identified. Members of this subfamily 
include mammalian DYRK1A/B/C, DYRK2 and DYRK3, 
Drosophila minibrain (mnb), S. cerevisiae Yaklp, Dictyostelium 
YakA and, as yet, uncharacterized kinases from Schizosaccharo- 
myces pombe (Z50142) and Caenorhabditis elegans (Z70308) 
[17-21]. The regions conserved amongst all members of this sub- 
family are restricted to the catalytic core. These features include 
an Ser-Ser-Cys motif following subdomain VII, and the con- 


Abbreviations used. GST, glutathione S-transferase, MAP, mitogen-activated protein, ERK, extracellular signal-regulated protein kinase, HA, 
haemagglutinin, MAb, monoclonal antibody, MBP, myelin basic protein; PKA, cAMP-dependent protein kinase; PTP, protein tyrosine phosphatase, 
Sc-His, minimal medium lacking histidine, PSD, post-source-decay; MALDI, matrix-assisted laser-desorption ionization, TOF, time-of-flight 
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served sequences HCDLKPEN and YXYIOSRFYR(S/A)PE in 
subdomains VI and VIII respectively [20]. Full-length DYRKs 
and mnb, as well as a fragment of the YAKI gene encoding the 
catalytic domain (amino acids 338-713), appear to autophos- 
phorylate on tyrosine im vitro when expressed as glutathione 
S-transferase (GST) fusion proteins m Escherichia coli [20]. 

Yaklp functions as an antagonist of the Ras/cAMP-dependent 
protein kinase (PKA) pathway acting as a negative regulator of 
cell growth [17,22]. Recent data indicate that Yaklp functions 
downstream of PKA [23] In the current model, active 
PK A down-regulates the activity of the transcriptional activa- 
tors, Msn2p and Msn4p, leading to a decrease in expression 
of YAKI and other genes containing stress response element 
(STRE) sites [23] Yaklp appears to be functionally similar to the 
Dictyostelium YakA, which is essential for starvation-induced 
development and growth arrest [21]. Overexpression of either 
Yakip or YakA in a cdc25 (temperature sensitive) yeast strain 
leads to G, arrest at the permissive temperature [21,22]. In 
addition, the sequence similarity between the two kinases extends 
beyond the catalytic core. Yaklp and YakA both contain poly- 
Gln and poly-Asn stretches, as well as conserved sequences 
immediately N-terminal to the kinase domain and between 
subdomains X and XI [21]. 

In contrast to Yaklp and YakA, mnb and DYRKI may be 
acting as positive regulators of cell growth. In the absence of 
mnb, Drosophila lacks proper neuroblast cell formation and 
maintenance, furthermore, DYRKI, the closest known mnb 
homologue, has been mapped to the region of chromosome 21, 
which 1s triplicated in Down's syndrome, suggesting that mnb 
and DYRK1 function as positive mediators of cell growth 
[18,19]. However, Souza et al. [21]. suggest that the loss of 
neurons in mnb mutant flies may not be due to a lack of cell 
maintenance or formation, but rather the absence of a signal to 
arrest growth and induce differentiation of neuroblasts. 

Although the Yaklp protein kinase was shown to phos- 
phorylate casein and to exhibit cell-cycle related changes in 
activity and protein expression, little 1s known about its enzymic 
properties and precise biological role -In the present study we 
report the characterization of several unique enzymic features of 
Yaklp kinase. Our data indicate that Yaklp is a dual specificity 
protein kinase, which is phosphorylated in vivo and auto- 
phosphorylates in vitro on Tyr-530, but phosphorylates 
exogenous substrates on serine and threonine residues. We have 
also demonstrated that tyrosine phosphorylation is required for 
Yaklp catalytic activity. 


EXPERIMENTAL 
Materials 


Anti-haemagglutinin (HA) monoclonal antibody (mAb), clone 
12CAS, was obtained from Boehringer Mannheim (Indianapolis, 
IN, U.S.A ). Detergents, electrophoresis reagents and protein 
determination reagents were obtained from Bio-Rad Labora- 
tories (Hercules, CA, U.S.A.). Bovine myelin basic protein 
(MBP) and Protein A~agarose were obtained from Gibco-BRL 
(Gaithersburg, MD, U.S.A.). Protein tyrosine phosphatase (PTP) 
1B (catalogue number 14-109), and the anti-phosphotyrosine 
mAb, 4G10, were obtained from Upstate Biotechnology Inc. 
(Lake Placid, NY, U.S.A.). [y-**PJATP and chemiluminscent 
reagent were obtained from Amersham Pharmacia Bio- 
technology Inc. (Piscataway, NJ, U.S.A.). The sources of peptides 
used in this study are shown in the Table captions. Other 
reagents were obtained from Sigma Chemical Co. (St. Louis, 
MO, U.S.A.). 
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Construction of expression vectors 


Oligonucleotide pairs, 5'-GCC-ACT-AGT-GCC-ATG-TAC- 
CCA-TAC-GAT-GTT-CCA-GAT-TAC-GCT-ATG-AAC- 
TCA-TCC-AAT-AAT-3 and 5'-GCC-ATC-GAT-TTA-TTC- 
TTC-GAC-AAT-GTG-3’, and 5'-GCC-ACT-AGT-GCC-ATG- 
TAC-CCA-TAC-GAT-GTT-CCA-GAT-TAC-GCT-CCC- 
GCT-TAC-ACC-AGC-TCT-3’ and 5’-GCC-ATC-GAT-TTA- 
TTC-TTC-GAC-AAT-GTOG-3', were used to amplify full-length 
YAKI [17] and an N-terminal deletion (amino acids 148—807) 
respectively, using standard PCR conditions. In both cases, the 
5’ oligonucleotide contained a Spel site and nucleotides encoding 
the HÀ epitope, and the 3’ primer contained a Clal site. Following 
T/A cloning and sequence confirmation of the cloned products, 
full length and N-terminally truncated YAKI were subcloned as 
a Spel-Cial fragment into p423GAL1, a high-copy yeast ex- 
pression vector containing the GAL! promoter and H15S3 as the 
selectable marker [24] The resulting plasmids were termed 
p423GALI-HA-Y AKI and p423GALI-HA-ANYAKLT, respect- 
ively. 


Growth of yeast and preparation of cellular extracts 


All media for growth were prepared as described previously, 
unless otherwise indicated [25]. Yeast strain SGY470 [MATa 
ura3 leu2 trpl his3 lys2 ade8 tpkl::URA3 tpk2-63(ts) tpk3.:T'RPl 
yakl':ADES8; a gift from S Garrett, University of Medicine and 
Dentistry of New Jersey] was transformed by the lithium acetate 
procedure [26] with p423GAL]1, p423GALI-HA-YAK], or 
p4233GAL-HA-ANYAK]. Transformants were selected for 
growth on minimal medium lacking histidine (Sc-His). To 
perform spot assays, cells were grown in Sc-His overnight, 
cultures were normalized to similar D,,,, serially diluted and 
spotted on to either Sc-His or Sc-His containing 2% galactose 
and 1 % raffinose. Cultures for experiments were grown in liquid 
Sc-His to a D,» of at least 1.0, washed with Sc-His containing 
2% galactose and 1 95 raffinose and resuspended in this medium 
to twice the original volume. The cells were then grown for 
16—24 h at room temperature, washed once with water and, after 
centnfugation at 3200 g for 5 mun at room temperature, the 
pellets were stored at —80°C until use. To prepare lysates, 
cell pellets were thawed and resuspended at 1 ml/100 ml of 
original culture in lysis buffer [50 mM Tris/HCl, pH 7.5, 150 mM 
NaCl contaming 10 ug/ml each of aprotinin, leupeptin and 
tosyl-lysylchloromethane (Tos-Lys-CH,Cl, ‘TLCK’), 0.1 mM 
PMSF, 50 mM NaF, 0.2 mM Na,VO, and 10 mM 2-glycero- 
phosphate]. Sterile acid-washed glass beads (0.5 ml) were added 
and cells were disrupted with ten 30 s intervals of vortex mixing. 
-Nonidet P-40 was added to a final concentration of 2% and the 
mixtures were rocked at 4 °C for 30-50 min. Lysates were clarified 
by centrifugation at 20000g for 10 min at 4°C, and the 
supernatants were stored at —80 °C until use. 


Immune-complex protein kinase assay 


Equal amount of proteins (50 ug, unless stated otherwise) from 
detergent extracts of yeast cells expressing full-length Yaklp, N- 
terminally truncated Yaklp or vector alone were immuno- 
precipitated by rocking overnight at 4 °C with 4 ug of the anti- 
HA mAb and 100 wl of a 20% suspension of Protein A—agarose 
in lysis buffer containing 1% Nonidet P-40. Under these con- 
ditions, maximal immunoprecipitation of both forms of the 
enzyme was achieved. Samples were then washed twice with lysis 
buffer, once with kinase assay buffer [25 mM Hepes, pH 7.5, 
10 mM 2-glycerol phosphate, 0.2 mM Na,VO,) and suspended 


in 20 ul of kinase assay buffer containing (unless stated otherwise) 
0.1 mM (3 aCi) of [y-"P]ATP, 10 mM MgCl, and the protein or 
peptide substrate at the concentrations indicated in Table 
captions and Figure legends. After incubation for 10 min at 
30 °C, the reactions were stopped by adding either 5 ul of 5x 
SDS sample buffer or 2041 of 0.15 M H,PO,. The SDS- 
containing solutions were boiled and centrifuged at 20000 g for 
5min at room temperature. The supernatant proteins were 
resolved by SDS/PAGE on 14% polyacrylamide gels and the 
phosphorylated products were detected by autoradiography. 
Reactions stopped with H,PO, were centrifuged and the 
phosphorylated products were isolated by spotting 20 zl of 
the supernatant on to phosphocellulose (p81) filters. The filters 
were washed three times with 75 mM H,PO,, three times with 
water and **P-labelling was monitored by scintillation spectro- 
scopy. Kinase specific activity 1s expressed as pmol of P, 
transferred from ATP to the phosphate acceptor/min per mg of 
protein present in the extract used for immunoprecipitation after 
subtraction of the blank values generated in the absence of sub- 
strate or in reactions using extracts from yeast transfected with 
empty vector. In either case, blanks were < 5% of total activity 
values. Protein concentration was determined using Bio-Rad 
reagent with BSA as a standard. 


Mapping of substrate phosphorylation sitos 


MBP was phosphorylated ,by incubation with Yaklp and 
Mg** ATP and digested with endoproteinase Lys-C for 2 h at 
38°C in 50 mM Tris/HCl, pH8.8. An aliquot of the 
unfractionated protein digest was analysed by matrix-assisted 
laser-desorption ionization—time-of-flight (MALDI-TOF) MS 
for the presence of phosphorylated peptides. Potential phos- 
phopeptide precursor ions were selected for post-source-decay 
(PSD) analysis using a Bradbury-Nielsen ion gate. Phospho- 
peptides were isolated by reverse-phase HPLC using a 1-mm 
id. C,, column. Peptides, in solution A, were eluted with a 
5-50% gradient of solution B (solution A: 2% acetonitrile 
containing 0.1 % trifluoroacetic acid ın water; solution B: 95% 
acetonitrile containing 0.1% trifluoroacetic acid in water) at 
50 ul/min. The column eluate was split after passing through the 
UV detector, so that 5 l/min was sent to a QTOF mass 
spectrometer and 45 «l/min went to a fraction collector, where 
fractions were collected at 1 min intervals. Phosphopeptides 
were sequenced by nano-electrospray tandem MS (QTOF 
spectrometer) 


Autophosphorylation and determination of phosphotyrosine content 


To determine total autophosphorylation of Yaklp, washed 
immune complexes were suspended in 20 ul kinase assay buffer 
containing 50 4M (5 Ci) of [y-""PJATP and 10 mM MgCl, and 
incubated for 10 min at 30 °C. Reactions were stopped by adding 
5 ul of 5 x SDS sample buffer, and the proteins were resolved by 
SDS/PAGE (10% polyacrylamide gels). Phosphorylated Yaklp 
was revealed by autoradiography. To determine phosphotyrosine 
content in vivo and tyrosine autophosphorylation of Yaklp, 
washed immune complexes were suspended ın 20 ul of kinase 
assay buffer with or without the addition of 50 M unlabelled 
ATP and 10 mM MgCl, Samples without ATP were kept on 
ice, and those containing ATP were incubated for 10 min at 
30 °C. All samples were resolved by SDS/PAGE (10% poly- 
acrylamide), transferred to nitrocellulose, blocked in PBS/ 
Tween-20 containing 5% (w/v) non-fat powdered milk for 
1 h, and incubated for 1h with anti-phosphotyrosine mAb 
(4G10). After three washes in PBS/Tween-20, membranes were 
incubated with horseradish-peroxidase-conjugated goat anti- 
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mouse IgG for 45 min and washed three times in PBS/Tween-20. 
The secondary antibody was detected by enhanced chemi- 
luminescence. 

To determine the sites of phosphorylation in vwo and m vitro, 
Yaklp tmmunoprecipitated from 1 mg of yeast protein was 
incubated without or with Mg** ATP, purified by SDS/PAGE, as 
above, and stained with Coomassie Blue. Bands representing 
Yaklp were excised from the gel and digested with trypsin in situ 
as described previously [27]. The peptide mixture was desalted 
using a ZipTip (Millipore) according to the manufacturer's 
directions and enriched for phosphopeptides using immobilized 
metal-chelate affinity chromatography on a disposable micro- 
column [28]. The phosphopeptide mixture was again desalted on 
a ZipTip and an aliquot of the sample was analysed by 
MALDI-TOF to determine the molecular masses of the 
phosphorylated peptides. MALDI mass spectra [29] were 
recorded on a reflectron TOF mass spectrometer (Micromass 
TofSpec SE) equipped with a time-lag focusing source Samples 
were prepared by mixing with an equal volume of matrix solution, 
which contained two internal mass standards at a concentration 
of 200 fmol/zl. A 0.5 ul aliquot of the sample/matrix solution 
was applied to the MALDI target. The matrix solution was 
10 ug/ml a-cyano-4-hydroxyecinnamic acid in ethanol/acetonitrile 
(50:50, v/v). Samples were then irradiated with 337 nm photons 
from a pulsed nitrogen laser (Laser Science) operating at 
5 Hz. Phosphopeptides were sequenced by tandem MS [30] using 
a quadrupole TOF mass spectrometer (QTOF, Micromass) 
equipped with a nano-electrospray source [31]. 


RESULTS 
Expression and activity of Yaktip in 5. cerevisiae 


YAKI was engineered for expression in yeast under the control 
of the GALI promoter as both an N-terminally HA-tagged full- 
length form and an N-terminally truncated form (amino acid 
residues 148—807) (Figure 1A) Overexpression of either protein 
in a strain compromised for PK A and lacking Yakip (SGY470) 
caused growth arrest at 30 °C (Figure 1C) and slower growth at 
23 °C (Figure 1B), indicating that both forms of the enzyme were 
functional. However, the expression level of the full-length 
protein was 2—3-fold higher than that of the N-terminally 
truncated (AN) form (Figure 2). The slow growth observed at 
23 °C was not due to general toxicity caused by overexpression, 
since neither construct caused growth arrest in a wild-type strain 
at either temperature (results not shown). 

Cells expressing the full-length or N-terminally truncated 
forms, or containing vector alone were lysed 1n a buffer containing 
2% Nonidet P-40, and an anti-HA mAb immune-complex kinase 
assay was performed using bovine MBP as substrate. Both full- 
length and N-terminally truncated forms of the enzyme were able 
to catalyse phosphate transfer from ATP to MBP (Figure 2). 
MBP phosphorylation was compared with that of other protein 
substrates, each used at 10 ug/reaction mixture. A much lower 
level of phosphorylation by either form of Yaklp was observed 
when casein was used as a substrate, and no phosphorylation of 
enolase, heat shock protein 27 (hsp27), histone or poly-Gly/Tyr 
was observed (results not shown). It was determined in pre- 
liminary experiments that the two forms of Yaklp were equally 
precipitated, since an anti-HA mAb immunoblot of the pre- 
cipitated material indicated the ratio between the two forms was 
similar to that observed in the direct 1mmunoblot shown in 
Figure 2. MBP phosphorylation, catalysed by either form of 
Yaklp, was better with Mg?* than Mn** as the cation, was 
inhibited by 1 mM CaCl,, was linear with time up to 15 min and 
was similar when incubation was at 30 ?C or 37 ?C (results not 
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Figure 1 Overexpression of Yakip complements a yak? deletion in a PKA 
compromised strain of S. cerevisiae 


(A) Schematic diagram of full-length (FL) and N-terminally truncated (AN, amino acids 
148—807) Yakip. (B. C) Yeast strain SGY470 [yak7A, tpk1A, tpk3A, tpk2(ts)) was 
engineered to express two independent isolates of N-terminally HA-tagged Yak1p (full-length, 
rows 3 and 4: N-terminally truncated. rows 5 and 6) or vector alone (rows 1 and 2) under 
control of the GAL? promoter. Serial dilutions of normalized cultures were plated on to Sc- 
His (left) or Sc-His galactose/raffinose (Sc-His gal/raf) (right) and grown at either 23 °C (B) 
or 30 °C (C) for 7 days 
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Figure 2 Protein expression of full-length and N-terminally truncated 
Yakip and kinase activity with MBP 


Yeast strain SGY470 was engineered to express either full-length Yak1p or an N-terminally 
truncated Yak1p (AN), and lysates were prepared as described in the Experimental section. (A) 
Total protein (30 pg) was resolved by SDS/PAGE (10% polyacrylamide), transferred to 
nitrocellulose and immunoblotted with anti-HA mAb as described in the Experimental section 
(B) Total protein (50 jeg) was immunoprecipitated with the anti-HA mAb and analysed for 
phosphorylation of bovine MBP (10 jg) as described in the Experimental section. Reactions 
were analysed using SDS/PAGE (14% polyacrylamide) and phosphorylated bands were 
revealed by autoradiography (exposure for 20 min at — 80 °C), 
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shown). Interestingly. although expressed at a lower level, the N- 
terminally truncated form of Yaklp was 3- to 5-fold more active 
against MBP than the full-length enzyme (Figure 2). The higher 
activity of N-terminally truncated enzyme against MBP was 
observed at all concentrations of MBP tested. Although the level 
of expression and kinase-specific activity varied between different 
yeast cultures, the enzymic properties and the activity /expression 
ratio of each form were similar in the different cultures. 


Yak1p-catalysed phosphorylation sites in bovine MBP 


HA-tagged Yaklp (50g) was immunoprecipitated with the 
anti-HA mAb and incubated with 10 ~g of bovine MBP in 
the presence or absence of Mg ATP. MALDI-TOF analysis of 
5^". of the unfractionated endoproteinase Lys-C digests from the 
phosphorylated (with Mg**ATP) and the non-phosphorylated 
(without Mg**ATP) MBP revealed two apparent phosphate- 
containing peptides at m/z 1571.78 (M*+H) and 1682.80 
(M*+H) in the phosphorylated sample (Figure 3A). corre- 
sponding to peptides of molecular mass 1570.77 and 1681.79, 
respectively. The 1570 Da species was consistent with the mass of 
a peptide containing residues 91—104 from MBP and one molecule 
of phosphate (calculated mass 1570.78 Da), whereas the 1681 Da 
peptide was consistent with the mass of the C-terminal Lys-C 
fragment from MBP incorporating residues 155-169 plus one 
molecule of phosphate (calculated mass 1681.78). Further sup- 
port for the incorporation of phosphate into the 1570 and 
1682 Da peptides is the presence of broad peaks (marked with 
an asterisk in Figure 3A) which arise by metastable loss of H,PO, 
from the intact phosphopeptide molecular ion. These metastable 
peaks were not present in the spectrum of a non phosphorylated 
sample. However, to rule out any possibility that they arose by 
the loss of water from the phosphorylated peptide, we isolated the 
phosphopeptide molecular ions using an ion gate and performed 
MALDI-PSD analvsis. Observation of the characteristic loss of 
H,PO, (98 Da) from both peptides upon subsequent PSD analysis 
[27] confirmed that these peptides were, in fact, phosphorylated 
(results not shown). 

The Lys-C digests were fractionated by reverse phase HPLC 
and the fractions were subjected to MS to provide an on-line 
read-out of the products. Fractions containing the two putative 
phosphopeptides were analysed by nano-electrospray MS, and 
the appropriate precursor ions were sequenced by collision- 
induced dissociation tandem MS. The spectrum obtained for the 
1570.9 peptide (Figure 3B) is consistent with two phosphorylated 
forms of the sequence NIVTPRTPPPSQGK, which corresponds 
to residues 91—104 of bovine MBP. The major phosphorylation 
site was found to be Thr-97. The 181.04 Da mass difference 
between the b, and b, ions indicated the presence of phospho- 
threonine at this position. A very small amount of phosphate was 
also found at Thr-94. The evidence for phosphorylation at this 
second site was a low abundance series of b,-H,PO, ions starting 
at b, and ending at b, (results not shown). The evidence for 
phosphorylation at either site converges at the b. ion. 

The tandem mass spectrum of the 1681 peptide (Figure 3C) is 
consistent with a monophosphorylated form of LGGRDSRS- 
GSPMARR, corresponding to the C-terminal residues 155-169 
of bovine MBP. Although the tandem MS data clearly indicated 
that Ser-160 was not phosphorylated, it was not possible to 
distinguish between Ser-162 and Ser-164 as the sole site of 
phosphorylation in this peptide. However, results from a Yaklp 
kinase assay using synthetic peptides with Ser — Ala substitutions 
at position 164 or 162 as substrates supported the notion that 
Ser-164, not Ser-162, is the site of phosphorylation by Yaklp. As 
seen in Table 1, both forms of Yaklp phosphorylated the 
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Figure 3 Determination of Yakip-induced phosphorylation sites on MBP 
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(A) Partial MALDI mass spectrum of an unfractionated Lys-C digest of MBP phosphorylated in vitro. Peptides modified by a single molecule of phosphate show an increase in mass of 80 Da. 
Peaks marked with an asterisk (*) arise from the metastable loss of H,PO, from the corresponding phosphopeptide molecular ion, ( B) Eiectrospray-chromatogram-ion-detection tandem mass spectrum 
of the [M^*] ion (m/z 786.4) from the 1570 Da phosphorylated peptide shown above. The mass difference between adjacent ions of the same series (ie. b. and b.) corresponds to the 
in-chain mass of an amino acid residue. ions marked p^ have the structure b,-H.PO,. (C) Electrospray--chromatogram-ion-detection tandem mass spectrum of the [M?*] ion (m/z 561.6) from 


the 1681 Da phosphorylated peptide shown above. 


LGGRDSRAGSPMARR (Ser-162 — Ala) but not the LGGR- 
DSRSGAPMARR (Ser-164 — Ala) peptide. Phosphorylation of 
Ser-164, which exists as an S/TP motif, is consistent with the 
YakIp-induced phosphorylation of Thr-97, which also exists in 
a S/TP consensus sequence. Replacement of Pro-165 with alanine 
resulted in > 70?4 loss of activity of Yakip (Table 1). In 
addition, replacing the S/TP consensus sequence of Ser-164 with 
an S/TP for Ser-162 did not allow Ser-162 to become an efficient 
phospho-acceptor, as Yaklp poorly phosphorylated the Gly-163 
-+ Pro/Pro-165 — Ala peptide (Table 1). 

Phosphorylation of bovine MBP on Thr-97 by MAP kinases 
has been reported previously [32,33]. However, we are not aware 
of any kinase that phosphorylates bovine MBP on Ser-164. 
Therefore the phosphorylation pattern of MBP by Yaklp appears 
to be unique. 


Several other selected peptides were obtained from commercial 
sources and used as substrates in the Yaklp kinase assay 
alongside MBP and the Ser-164 peptide (LGGRDSRSGSPM- 
ARR). As shown in Table 2, the specific activity of either full- 
length or N-terminally truncated Yak Ip with the Ser-164 peptide 
(1 mM) was about 9-fold higher than the specific activity with 
MBP (60 aM). A peptide (termed Thr-97 in Table 2), with the 
PRTP motif found in the NIVTPRTPPPSQGK tryptic fragment 
of MBP, was poorly phosphorylated by Yaklp (Table 2). 
Although the MS data showed that the NIVTPRTPPPSQGK 
tryptic fragment of MBP was phosphorylated mainly on Thr-97, 
with little phosphorylation of Thr-94, the low activity of 
Yaklp with the synthetic Thr-97 peptide (Table 2) may be due 
to sequence differences, particularly the lack of a residue cor- 
responding to Thr-94 in MBP. Two additional peptides, GS1-10 
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Table 1 Phosphoryiation of the Ser-164 peptida and its analogues by Yaktp 


Ant-HÀ immune-complex Yakip kinase assay of 50 sg of protein from yeast expressing ethar full length or N-terminally truncated Yakip was performed as described in the Experimental section 
All peptides used in this study were from California Peptide Research inc, Napa, CA, US A Protein substrates (1 mM) were incubated with the immunoprecipitated enzyme for 10 min at 30°C 
Phosphorylated substrates were isolated on phosphocellulose fiters Kinase actrvity using the Ser-164 peptide as substrate was 894 -+- 28 (full length) and 3447 + 69 (N-terminally truncated form) 
pmol per mg of protein The values are the percentage kinase actaty compared with that of the Ser-164 pephde as substrate, means +S D. of triplicate determinations Similar results were 
obtained in one additional experiment 


Yakip activity 
Peptide Sequence Full-length enzyme N-terminally truncated form 
Ser-164 LGGRDSRSGSPMARR 1004-3 100-2 
Ser-164 — Ala LGGRDSRSGAPMARR 72 4r3 
Sar-162 — Ala LGGRDSRAGSPMARR 93 4-5 100 4-2 
Pro-165 — Ala LGGRDSRSGSAMARR 204-2 28 -+4 
Ser-164 — Thr LGGRDSRSGTPMARR 99-7 814-2 
Gly-163 — Pro LGGRDSRSPSPMARR 90 4-2 95 4-2 
Gly-163 — Pro/Pro-165 — Ala LGGRDSRSPSAMARR 25 t2 1841 





Table 2 Phosphorylation of peptides by full-length and N-terminally truncated Yaktp 


Experimental detalls are as described in Table 1 All peptides were used at 1 mM, MBP was 30 4M The Ser-164 peptide was purchased from California Pepbde Ressarch Inc, Napa, CA, US A 
Thr-669 pepbde was from Amersham Pharmacia Biotech Inc , Piscataway, NJ, USA, all other peptides were purchased from BACHEM Bioscience ine, King of Prussia, PA, USA The Thr-97 
peptide contains the 95-98 sequence (PRTP) of bovine MBP Jn the peptide sequences shown, the N-terminus ts on the left Results are representative of two experiments with the N-terminally 
truncated) enzyme or three with the fulHength form 


Yakip activity (pmol/10 min per mg of protein) 


Peptide Sequence FulHength anzyme N-terminally truncated enzyme 
Ser-164 LGGRDSRSGSPMARR 478 1809 

Thr-97 APRTPGGRR 3 15 

MBP4—14 EKRPSERSKYL «1 « 1 

MBP68—82 YGSLPQKSQRSQDGN <1 <] 

GS1~10 PLSRTLSVAAKK 13 57 

Thr-669 KRELVEPLTPSGEAPNQALLR 6 21 

Tyr-418 RRLIEDNEYTARG <1 <1 

MBP 61 212 





Table 3 Kinetic constants of the Yakip kinase reaction 


Tha ant-HA mAb immune-complex Yakip kinase assay was performed as described in the Experimental section. Values for Michaelis-Menten kinetics (K, and V...) were calculated from double 
reciprocal plots of initial velocity of the enzyme versus substrate concentration, with at least nine different concentrations of a given substrate The concentrations of ATP used were 1—1000 uM, 
those of MBP were 1—150 uM, and peptide concentrations were 25—2500 uM The incubahon time (10 min) was within the linear range of the reaction, and concentrations of enzyme and 
substrates were chosen so that not more than 10% of the substrate would be converted. Results are the means J- SE M of three to frve independent determinations 


K, (uM) Vax (Pmol/min per mg of protein) 
Substrates Full-length N-terminally truncated Full-length N-terminally truncated 
ATP with MBP 4847 36+10 
ATP with Ser-164 72 +19 67+7 
MBP 31+8 34 4 11 87-417 344-22 
Ser-164 403 + 56 393 + 102 1103+21 1 5607+748 
Thr-97 1213 +164 1166 + 92 2114-09 132r 1.9 





and Thr-669, were also poorly phosphorylated by Yakl1p (Table 
2). The GS1-10 peptide ıs derived from the first ten residues of 
glycogen synthase, where the Ser-7 residue is a site of protein 
kinase C phosphorylation, and is also phosphorylated by PK. A 
[34,35]. The Thr-669 peptide is derived from the epidermal 
growth factor ( EGF’) receptor cytoplasmic tail, with Thr-669 
(in a S/TP motif) as the site phosphorylated by ERK2 and 
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p38 MAP kinases [33,36]. The specific activity of N-terminally 
truncated Yaklp towards each of the four peptide substrates was 
4—5-fold higher than that of the full-length enzyme. Yaklp 
phosphorylated neither the two MBP-derived peptides (MBP4- 
14 and MBP86-82; Table 2) nor a tyrosine-containing peptide 
(Tyr-418, Table 2) derived from residues 412-422 of ppoe, 
which is phosphorylated by tyrosine kinases [37]. 
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Figure 4 Total [7PJATP and tyrosine autophosphorylation of Yakip 


(A) The indicated amount of protein from yeast celis expressing either full-length (FL) or N- 
terminally truncated (AN) Yakip was immunoprecipitated, assayed for Yaklp kinase activity 
without exogenous substrate and resolved by SDS/PAGE. Phosphorylated bands were revealed 
by autoradiography (exposure for 45 min at — 80 Cl (B) Antrphosphotyrosine mAb 
immunobiot of 150 ug of full-length (FL) and N-terminally truncated (AN) Yakip before and 
after au tophosphorylation. immunoprecipitated samples were incubated in the absence or 
presence of Mg^* ATP, resolved by SDS/PAGE and blotted with anti-phosphotyrosine mAb as 
described in the Experimenta! section, 


Kinetic constants of the Yakip kinase reaction 


Since relatively high Yaklp specific activitv towards the Ser-164 


peptide was observed, we determined the kinetic constants of 


Yaklp for ATP, MBP, the Ser-164 peptide and the Thr-97 
peptide using immune-complex kinase assays. The Michaelis 
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Figure 5 Determination of autophosphorylation sites on Yakip in vitro 


(A) Partial! MALDI 
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nass spectrum of the Ga^-immobilized metal-affinity chromatography enriched fraction from a tryptic digest of Yak1p phosphorylated /n vitro. (B) Elec 
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constant (K,) and maximum velocity (Faa) of the kinase reaction 
with each substrate were determined under conditions where the 
rate of phosphorylation was linear with respect to time and 
the concentration of the other substrate was not limiting. From 
double-reciprocal plots of initial velocity versus substrate con- 
centration the apparent K, and V, with ATP, MBP, Ser-164 or 
Thr-97 as substrates were calculated. Values in Table 3 show that 
the Ser-164 peptide was a better substrate for both forms of 
Yaklp than MBP, with a 9-fold higher E... of phosphory- 
lation. Yaklp exhibited a single affinity for ATP regardless of the 
protein/peptide substrate used, giving apparent K, [ATP] values 
around 40 «7M. The apparent K,, value for phosphorylating any 
of the three phosphate acceptors was similar between full-length 
and N-terminally truncated forms of Yaklp, and both forms 
phosphorylated the Ser-164 peptide with an apparent K, 
(approximately 0.4 mM) 3-fold lower and a V... 50-fold higher 
than the corresponding values for the Thr-97 peptide (Table 3). 
The Faa value for Thr-97 phosphorylation was lower than that 
for MBP phosphorylation, and the apparent K, value for this 
peptide was approximately 1.2 mM, which is comparable to its 
reported K,, value for the meiosis-activated MBP kinase (p44""") 
from sea star oocytes [33.38]. Taken together, these results 
demonstrate that the truncated form of Yakip exhibits higher 
catalytic activity than the full-length enzyme, and that both 
forms of the enzyme have far more efficient kinetics for Ser-164 
phosphorylation than for MBP. 


Phosphorylation in vivo and autophosphorylation in vitro 

To determine if Yaklp autophosphorylates im vitro, equal 
amounts of yeast cell lysates were immunoprecipitated with anti- 
HA mAb and reacted with Mg" [7 PJATP. Samples were then 
resolved on SDS/PAGE and incorporation of *P was revealed 
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ion-detection tandem mass spectrum of the [M>] ion (m/z 805.8) from the 1210.6 Da phosphorylated peptide shown above. 
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by autoradiography. Both forms of Yaklp underwent auto- 
phosphorylation in vitro, which was significantly higher in the 
truncated protein (AN) than in the full-length enzyme (Figure 
4A). To determine if Yaklp in S. cerevisiae was tyrosine 
phosphorylated in vivo, and if the observed autophosphorylation 
in vitro involved tyrosine residues, anti-HA mAb Yaklp immune 
complexes were either kept on ice or reacted with Mg**ATP to 
allow for autophosphorylation, resolved by SDS/PAGE and 
blotted with anti-phosphotyrosine mAb. Figure 4(B) shows that 
Yaklp was tyrosine phosphorylated in vivo and that the level of 
phosphotyrosine increased after incubation with Mg" ATP, 
indicating clearly that Yaklp autophosphorylates on tyrosine 
residues in vitro. It is also evident from the data shown in Figure 
4 that the phosphotyrosine content in vivo and the level of 
tyrosine autophosphorylation in vitro were significantly higher in 
N-terminally truncated compared with full-length Yaklp. An 
ATP binding site mutant of Yak 1p, in which the lysine residue at 
position 398 was replaced with alanine, was inactive against 
exogenous substrates and did not autophosphorylate in vitro 
(results not shown), indicating that the incorporation of phos- 
phate into Yaklp (Figure 4) is most likely due to auto- 
phosphorylation of the kinase, not to other co-immuno- 
precipitating protein kinase activity. 

To determine the in vivo and in vitro site(s) of phosphorylation, 
equal amounts of yeast cell lysates expressing full-length Yaklp 
were immunoprecipitated with anti-HA mAb, and either kept on 
ice or reacted with Mg**ATP to allow for autophosphorylation. 
The reaction mixtures were then resolved by SDS/PAGE and 
stained with Coomassie Blue. Yaklp appeared as a single band 
migrating at about 102 kDa, which was absent from samples 
from yeast cells transfected with vector alone (results not shown). 
The bands from both untreated and autophosphorylated proteins 
were excised and digested in situ with trypsin [27]. Phospho- 
peptides from the respective tryptic digests were isolated using 
microcolumn Ga -ion immobilized metal-affinity chromato- 
graphy C IMAC") [28] and analysed bv MALDI MS. Mass 
spectra from the autophosphorylated (Figure 5A) and the 
unphosphorylated (results not shown) samples showed an ion at 
IM* +H] 1210.60, which corresponds to residues 526-534 of the 
Yaklp sequence with the addition of one molecule of phosphate 
(calculated [M + H] 1210.55). Figure 5(B) shows the tandem MS 
spectrum of the 1210 Da peptide from the autophosphorylated 
sample. A mass difference of 243 Da between the y, and y, ions 
indicated phosphotyrosine in the 5 position. Sequencing of the 
1210 Da peptide from each sample by tandem MS showed 
unambiguously that the sequence 326—534 is phosphorylated in 
vivo and in vitro exclusively on Tyr-530, which is the second 
tyrosine residue in the YTY motif of Yaklp. 

To determine if the phosphotyrosine content of Yaklp i vive 
affects its activity, immunoprecipitated Yaklp was first reacted 
with PTPIB [39.40] to dephosphorylate the tyrosine residues and 
then assayed for substrate phosphorylation. To allow proper 
comparison of the treatments, Yaklp was treated with PTP1B in 
the presence (for untreated control) or absence (treated) of 
0.5 mM Na,VO,. In preliminary experiments it was determined 
that 0.5 mM Na, VO, was sufficient to almost inactivate PTPIB. 
Whereas Yaklp treated with the phosphatase in the absence of 
vanadate lost most of its phosphotyrosine content, the presence 
of 0.5mM vanadate provided complete protection from 
dephosphorylation, resulting in a phosphotyrosine content com- 
parable with that observed in samples kept on ice (Figure 6B). 
Variability in the amount of immunoprecipitated material was 
minimal, as indicated by Western blotting with the anti-HA mAb 
(Figure 6A). As shown in Figure 6(C), removal of the phosphate 
groups from Yaklp tyrosine residues resulted in > 85°, loss of 


© 2000 Biochemical Society 






Treatment: 7 2 > 
KR 
a S 
ar 
x 
Q, 
IP: Anti-HA mAb Anti-HA mAb 
Western: Anti-HA mAb Anti-pY mAb 


C 


Yakip Activity (pmol/mg protein) 





None PTP+ PTP 
NaV 


Treatment 


Figure 6 Effect of treatment of Yakip with PTP1B on its phosphotyrosine 
content and substrate phosphorylation 


Full-length (FL) and N-terminally truncated Yakip (A) (100 ug each, in triplicate) were 
immunoprecipitated (IP) with anti-HA mAb and washed as described in the Experimenta: 
section. One set was kept on ice (None), another set was incubated for 30 min at 30 °C in 20 jd 
of Hepes buffer (pH 7.0) containing 1 ug (activity of 2 nmol/min) GST-fusion full-length PTP1B 
(PTP). and the third set was incubated as above with PTP1B and 0.5 mM Na. VO, (PTP + Nav} 
samples were washed three times with kinase assay buffer containing 0.5 mM Na,VO,. 
immunoblotted with anti-HA mAb (A) or anti-phosphotyrosine (Anti-pY) mAb (B) or assayed for 
Kinase activity using 1 mM Ser-164 peptide (C), as described in the Experimental section. 
Results with full-length Yaktp only are shown in (A) and (B). Similar results were obtained in 
two independent experiments, 


both full-length and N-terminally truncated kinase activity with 
the Ser-164 peptide, indicating that tyrosine phosphorylation of 
Yaklp is required for its catalytic activity against exogenous 
substrates. Similar reduction in. kinase activity was observed 
when MBP was used as substrate (results not shown). 


DISCUSSION 


In the present study, we observed that expression of either full- 
length or an N-terminally truncated form of Yaklp kinase 
(residues 148-807) in a S. cerevisiae strain lacking Yaklp and 
compromised for PK A (rpk 1A, tpk2A, tpk3 (ts) complemented 
the yakl deletion phenotype by causing cell arrest at 30 °C and 
slow growth at the permissive temperature (23 ?C). This confirms 
earlier observations that Yaklp serves as negative regulator of 
the cell cycle in yeast [17,22]. Although a phenotypic difference 
between full-length and N-terminally truncated Yaklp was not 
observed in yeast, activity of the latter was 4-5 fold greater than 
the full-length enzyme, suggesung that an inhibitory element 
may be located within the first 147 amino acid residues of the 
protein. This region is rich in serine residues (24/147 residues) 


and contains two putative PKA phosphorylation sites (residues 
127 and 128; [17]. As Yaklp functions downstream of PKA [23] 
and was shown to be phosphorylated in vitro by PK A [22], it is 
tempting to speculate that phosphorylation of Yaklp on N- 
terminal serine residues (by PKA or another upstream kinase) 
serves to inhibit its activity. Loss of these sites in the truncated 
form would result in increased kinase activity as compared with 
the full-length enzyme. 

Yaklp was previously reported to phosphorylate casein [22]. 
In the present study, we have shown that Yaklp prefers MBP as 
a substrate over casein and several other proteins, and that ıt 1s 
capable of phosphorylating the Ser-164 and Thr-97 residues of 
bovine MBP. Both forms of Yaklp phosphorylated a synthetic 
peptide (LGGRDSRSGSPMARR), corresponding to residues 
155-169 of bovine MBP, with far more efficient kinetics than 
phosphorylation of native MBP. Although we were unable to 
distinguish between Ser-162 and Ser-164 as the sole site of 
phosphorylation using the tandem MS data, data generated 
using synthetic peptides with Ser — Ala substitutions demon- 
strated that Ser-164 is the phosphate acceptor for Yaklp. To our 
knowledge, no other kinase has been reported to phosphorylate 
the Ser-164 residue of bovine MBP. 

Previously, it was shown that the catalytic portion of Yaklp 
alone autophosphorylates on tyrosine when expressed in E. coli 
as a GST fusion, however, catalytic activity was not demonstrated 
[20]. In the present work, we show that recombinant Yaklp 
kinase expressed in S. cerevisiae phosphorylates exogenous 
substrates on Ser/Thr residues, 1s tyrosine phosphorylated in vivo 
and undergoes tyrosine autophosphorylation in vitro, suggesting 
it is a dual specificity protein kinase. Yaklp contains a YTY 
motif in its activation loop (positions 528—530) [17], which is 
conserved in DYRK2 and DYRK3 [20], whereas a YOY motif 
is found in DYRKJ [19]. This is distinct from the TX Y consensus 
sequence found in the activation loop of the Ser/Thr MAP 
kinases [12]. We have shown by MS-based microsequencing, that 
the second tyrosine (Tyr-530) 1n this motif was phosphorylated 
both in vivo and, after autophosphorylation, in vitro. 

We were unable to demonstrate Yak1p-catalysed phosphoryl- 
ation of either two generic tyrosine kinase substrates, enolase 
and poly-Gly/Tyr (results not shown), or a full-length peptide 
substrate (Table 2). In addition, anti-phosphotyrosine mAb 
immunoblots failed to detect tyrosine phosphorylation of histone 
(results not shown), which was weakly phosphorylated by YakIp. 
Like Yaklp, four other members of this kinase family (DYRK1, 
DYRK2, DYRK3 and mnb) were reported to autophosphorylate 
on tyrosine, but from the limited reported phosphorylation 
studies, do not readily phosphorylate exogenous substrates on 
tyrosine [20]. Hence, Yaklp and members of this family may not 
be classical dual specificity protem kinases like GSK3, MEKI 
and ESK [5,6,12,13], but rather evolutionary intermediates 
between Ser/Thr protein kinases and dual specificity protein 
kinases. Alternatively, the inability of Yaklp to phosphorylate 
exogenous substrates on tyrosine may simply be due to the lack 
of the appropriate recognition site within the selected substrates. 
The identification of Yakip cellular substrates will supply direct 
evidence for the dual specific nature of the kinase. 

Another important finding of this study is that tyrosine 
phosphorylation of Yaklp is required to maintain its catalytic 
activity towards exogenous substrates. Preincubation of Yaklp 
with PTP1B drastically reduced the phosphotyrosine content and 
the catalytic activity of the kinase when compared with samples 
incubated with inactive PTPIB (Figure 6). PTP1B had been 
successfully used to dephosphorylate tyrosine residues of various 
proteins in vitro to allow study of the function of the phospho- 
tyrosine in these proteins [41—43]. Our observation that removal 
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of phosphate from tyrosine residues of Yaklp suppresses its 
catalytic activity further supports the unique dual-specific nature 
of this enzyme. In comparison, classic dual specificity protein 
kinases, such as the various isoforms of MEK, are activated by 
Ser/Thr (not tyrosine) phosphorylation catalysed by an upstream 
MEK kinase, thereby activating the p38 and ERK MAP kinases 
by dual threonine and tyrosine phosphorylation. The MAP 
kinases themselves are specific for Ser/Thr residues, but require 
phosphorylation on tyrosine and threonine residues for their 
activity. Conversely, Yaklp is a dual specificity protein kinase 
(autophosphorylates on tyrosine) in which the catalytic activity 
is highly dependent on its phosphotyrosine content, but phos- 
phorylates exogenous substrates on Ser/Thr residues. 

In summary, the present study demonstrates that the S. 
cerevisiae Yaklp is a unique dual specificity protein kinase which 
autophosphorylates on Tyr-530, requires phosphorylation on 
tyrosine for its catalytic activity and phosphorylates exogenous 
substrates on Ser/Thr residues. 
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Tyrosine phosphorylation of the vascular endothelial-growth-factor 
receptor-2 (VEGFR-2) is modulated by Rho proteins 
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The effects of Rho-specific modifying toxins on the tyrosine 
phosphorylation of endothelial cell protems were investigated. 
Incubation of the cells with the Rho-activating toxin cytotoxic 
necrotizing factor 1 (CNF1) induced a marked increase in the 
tyrosine phosphorylation of a number of signalling intermediates 
of the vascular endothelial growth factor (VEGF)-mediated 
cascade, including focal adhesion kinase, paxillin, phospholipase 
Cyl and a Shc-associated protein of 195 kDa. Both CNF1- and 
VEGF-dependent tyrosine phosphorylation of these proteins 
were significantly reduced by prior incubation with C3 trans- 
ferase, a known inhibitor of RhoA function, suggesting a Rho- 
dependent mechanism. The stimulation of endothelial cells with 
CNF1 resulted in a marked increase in the tyrosine phos- 
phorylation of the VEGF receptor (VEGFR)-2, which was 


INTRODUCTION 


Angiogenesis, the formation of new capillary blood vessels from 
pre-existing vessels, is a tightly regulated phenomenon that plays 
essential roles 1n reproductive functions, wound healing and 
embryonic development [1]. However, angiogenesis may become 
pathological when capilary growth is uncontrolled and the 
resulting excessive neovascularization may then sustain the de- 
velopment of a number of pathologies including retinopathies, 
haemangiomas, rheumatoid arthritis, psonasis and tumour 
growth [1]. In the latter, 1t is now clearly established that the 
aggressive growth of tumours and of their metastases is strictly 
dependent on angiogenesis [2], suggesting that the inhibition of 
angiogenesis may represent an effective approach for blocking 
tumour progression. This hypothesis has been strengthened by 
the recent demonstration that administration of angiogenesis 
inhibitors to mice bearing human tumours results in tumour 
regression [3]. 

The vascular endothelial growth factor (VEGF) is an 
endothelial-specific mitogen that is often associated with the 
activation of tumour-induced angiogenesis. In tumours, VEGF 
secretion is upregulated by hypoxia [4] and by oncogenes such as 
ras and src [5]. At the endothelial cell surface, the secreted 
protein binds with high affinity to at least two distinct vascular 
endothelial growth factor receptors (VEGFRs), VEGFR-1, also 
known as /ms-Bke tyrosine kinase (Flt-l) and VEGFR-2, 
also known as fetal liver kinase (Flk-1) [6]. VEGFR-2 expression 
in adult endothelial cells appears to account for most of the 
mitogenic and chemotactic effects of VEGF [7]. At the post- 
receptor level, activation of endothelial cells by VEGF leads to 


correlated with a stimulation of its kinase activity and with its 
association with downstream tyrosine phosphorylated proteins. 
The stimulatory effect of CNF1 was specific for VEGFR-2 since 
the phosphotyrosme content of VEGFR-1 was not affected 
by the toxin. Transient overexpression of a dominant-active 
RhoA mutant also induced an increase in the tyrosine phos- 
phorylation of the VEGFR-2, whereas overexpression of a 
dominant-inactive form of the protein was without effect. Taken 
together, these results indicate that Rho proteins may play 
an important role in angiogenesis by modulating the tyrosine 
phosphorylation levels of VEGFR-2. 


Key words: angiogenesis, signal transduction, VEGF 


the autophosphorylation of VEGFR-2 and the subsequent 
tyrosine phosphorylation of numerous downstream targets, 1n- 
cluding the second messenger-producing enzymes phospholipase 
Cy and phosphoinositide 3-kinase (8,9], p120GAP [8], the 
adaptor proteins Nck, Grb2 and Shc [8,10], the growth-factor 
receptor-associated tyrosine phosphatases SHP1 and SHP2 [10], 
as well as the cytoskeleton-associated proteins p125*4* (where 
FAK 1s focal adhesion kinase) and paxillin [11]. The factors 
involved ın the regulation of this VEGF-induced signalling 
cascade and its overall significance in the numerous biological 
functions associated with the stimulation of endothelial cells by 
VEGF, however, remain obscure and additional proteins 
involved in this signal transduction pathway are likely to exist. 

Rho proteins represent a family of monomeric GTPases that 
play essential roles in all eukaryotic cells studied to date. These 
proteins act as molecular switches by cycling between active, 
GTP-bound, and inactive, GDP-bound, states; the cycling be- 
tween these two states being controlled by a complex network of 
regulatory proteins [12]. In their active state, Rho proteins 
interact with a number of downstream targets, leading to the 
reorganization of the actin cytoskeleton and to cell-cycle pro- 
gression [13]. The control of these cellular pathways by Rho is of 
crucial importance for cell adhesion, movement and for a number 
of morphogenetic processes [12,13]. 

In the present study, we provide evidence that Rho proteins 
may also play an important role in other aspects of the signalling 
pathways triggered by growth factor receptors. We show that in 
bovine aortic endothelial cells (BAEC), activation of RhoA is 
both necessary and sufficient to induce the VEGF signalling 
cascade, possibly by increasing the tyrosine phosphorylation 


Abbreviations used BAEC, bovine aortic endothelial celis, CNF1, cytotoxic necrotinizing factor 1 from Escherichia colt, DMEM, Dulbecco's modified 
Eagle's medium, FAK, focal adhesion kinase, Tyr(P), phosphotyrosine, VEGF, vascular endothelial growth factor, VEGFR, vascular endothelial growth 
factor receptor, RHhoAQ63L, RhoA mutant with glutamine-63 substituted with leucine, PDGF, platelet-derrved growth factor 
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levels and kinase activity of the VEGFR-2. These results may 
have important implications for our understanding of the regu- 
latory mechanisms underlying tumour angiogenesis. 


EXPERIMENTAL 
Materials 


The commercial sources of antibodies used in this study are as 
follows: agarose-conjugated and unconjugated anti-phospho- 
tyrosine [Tyr(P)] PY20 and anti-paxillin were from Transduction 
Laboratories; anti-p125*“*, anti-VEGFR-2 (C-terminal), anti- 
VEGFR-1 and anti-c-Myc (9E10) were from Santa Cruz Bio- 
technology; anti-phospholipase Cy and anti-Shc were from 
Upstate Biotechnology. Human recombinant VEGF was ob- 
tained from R&D Systems. The VEGFR-2 tyrosine kinase 
inhibitor, SU1498, was purchased from Calbiochem. 


Cell culture 


BAEC were kindly provided by Dr R. Sauvé (University of 
Montréal, Montreal, Canada). The cells were maintained in 
Dulbecco's modified Eagle's medium (DMEM) containing 10% 
(v/v) bovine fetal serum (HyClone Laboratories), 100 units/ml 
penicillin, 100 ug/ml streptomycin and were used between 
passages 17—21. For experimental purposes, cells were plated on 
Nunc 33-mm 6-well plastic dishes at 105 cells/dish and grown to 
confluence in a humidified atmosphere of 5% CO, and 90% air 
at 37°C. COS-7 and U-87 cell lines were purchased from the 
American Tissue Culture Collection and were maintained in 
minimal essential medium (MEM) containing 10% (v/v) fetal 
bovine serum. 


Purification of recombinant bacterial toxins 


The prokaryotic expression vector pGEX-2T containing the 
cDNA encoding C3 transferase from Clostridium botulinum (gift 
of Dr A. Hall, University College London, London, U.K.) and 
the pQE-30 vector containing the cDNA encoding the cytotoxic 
necrotinizing factor (CNF) 1 from Escherichia coli (gift of Dr H. 
Lockman, Uniformed Services University, Bethesda, MD, 
U.S.A.) were inserted into E. coli strain BL21, and fusion 
proteins were purified from isopropyl-f-p-thiogalactopyran- 
oside-induced exponential-phase bacterial cultures by standard 
procedures. For C3 transferase, the glutathione S-transferase 
moiety of the fusion protein was removed by incubating the 
glutathione-Sepharose beads (1 ml) overnight at room tem- 
perature with 50 units of thrombin protease (Pharmacia). Con- 
taminating thrombin that was eluted with the recombinant C3 
protein was removed by a l-h incubation of the eluate with 5 zl 
of p-aminobenzamidine-linked agarose beads (Sigma). CNFI 
was purified to apparent homogeneity by affinity chromato- 
graphy on Ni-NTA-Sepharose beads (Qiagen). 


VEGF stimulation of BAEC 


BAEC grown to confluence were rendered quiescent by a 24-h 
incubation in serum-free DMEM. The cultures were washed 
twice with the same medium and incubated for 1 min at 37 ?C in 
2 ml of serum-free DMEM containing 1 nM of human recom- 
binant VEGF (R&D Systems). After VEGF treatment, cells 
were washed once with PBS containing 1 mM vanadate and 
incubated in the same medium for 1 h at 4°C. The cells were 
solubilized on ice in lysis buffer [150 mM NaCl, 10 mM Tris/HCl, 
pH 7.5, 1 mM EDTA, 0.5% (v/v) Nonidet P40, 1% (v/v) 
Triton X-100] containing 1 mM vanadate. The cells were then 
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scraped from the culture dishes and the resulting lysates were 
clarified by centrifugation at 10000 g for 10 min. Protein concen- 
trations were determined by the bicinchoninic acid (BCA) method 


(Pierce). 


Toxin treatments 


For incubation of the cells with CNF1, confluent BAEC cultures 
were washed twice with serum-free DMEM and incubated in 
2 ml of DMEM containing 1 ug/ml of purified CNF1. The cells 
were incubated at 37 °C for 6 h in the presence of the toxin and 
subsequently solubilized in lysis buffer as described above. To 
study the effect of SU1498 on the CNFl-induced tyrosine 
phosphorylation, the inhibitor was added to the cells 1 h before 
the toxin. For pretreatment of the cells with C3 transferase, 
confluent cells were washed twice with serum-free DMEM and 
incubated for 24h in 2ml of the same medium containing 
50 ug/ml of purified C3 transferase. The medium was aspirated 
and the cells were processed for VEGF stimulation as described 
above. The efficiency of ADP-nbosylation of RhoA by C3 
transferase 1n these conditions was determined by monitoring the 
ın vitro C3 transferase-catalysed [PP]INAD incorporation into 
the protein, as described previously [14]. Briefly, lysates (15 ug) 
were incubated 1n a mixture containing 100 mM Tris/HCl, pH 
8.0, 10 mM thymidine, 5 mM MgCl, 10 nM ['"PINAD (2 uCi) 
(Dupont NEN) and 5 ug/ml of C3 transferase. The mixture was 
incubated at 30 °C for 1 h and the reaction was terminated by 
the addition of 5-fold concentrated Laemmli sample buffer. The 
samples were subjected to SDS/PAGE on a 12.5% poly- 
acrylamide gel and the incorporated radioactivity was revealed 
by autoradiography. The efficiency of the CNFl-catalysed de- 
amidation of RhoA was estimated by the observation of a slight 
shift in its electrophoretic migration on a 15% polyacrylamide 
gel [15]. 


Immunoprecipitation and immunoblotting procedures 


For the immunoprecipitation studies, similar amounts of proteins 
from each sample (usually 50 wg) were clarified by a 1 h incu- 
bation at 4 °C with a mixture of Protein A/Protein G-Sepharose 
beads. Following the removal of the Sepharose beads by low- 
speed centrifugation, the supernatants were transferred to fresh 
tubes and incubated in lysis buffer overnight at 4°C in the 
presence of 1—4 ug/ml of specific antibodies. With the exception 
of the agarose-conjugated anti-Tyr(P) monoclonal antibody, the 
immune complexes were collected by incubating the mixtures 
with 25 ul (50 % suspension) of either Protein A-Sepharose beads 
(for rabbit polyclonal antibodies) or Protein G-Sepharose 
beads (for mouse IgG, monoclonal antibodies). Non-specific 
bound proteins were removed by washing the beads three times 
in 1 ml of lysis buffer, and bound material was solubilized in 
25 ul of 2-fold concentrated Laemmli sample buffer, boiled for 
4 min and analysed by Western blotting, as described below. 

Samples were separated by SDS/PAGE (7.5% gel) and 
electroblotted on to PVDF membranes using standard pro- 
cedures. The membranes were blocked overnight in Tris-buffered 
saline (147 mM NaCl, 20 mM Tris/HCl, pH 7 5) containing 2 94 
(w/v) BSA and probed with primary antibodies for 2 h at room 
temperature. Immunoreactive bands were visualized after a 1-h 
incubation with horseradish-peroxidase-conjugated anti-mouse 
or anti-rabbit antibodies (Jackson Immunoresearch Labor- 
atories), followed by enhanced chemiluminescence (Amersham). 
In some cases, the immunoreactive bands were quantified by 
scanning densitometry (Molecular Dynamics). 


Rho-dependent vascular endothelial-growth-factor receptor phosphorylation 215 


immune complex kinase assay /n vitro 


Precleared cell lysates (100 ug) were incubated overnight with 
anti-VEGFR-2 antibodies and the resulting immune complexes 
were collected using Protein A-Sepharose beads as described 
above. The beads were washed three times with lysis buffer, 
followed by two additional washes with kinase buffer (50 mM 
Hepes, pH 7.5, 10 mM MnCl,, 1 mM dithiothreitol). The beads 
were then incubated for 5 min at room temperature in 25 ul of 
kinase buffer containing 5 Ci of [y-**PJATP (ICN Biochemicals) 
and' the reactions were stopped by the addition of 5-fold 
concentrated Laemmli sample buffer. After electrophoresis on 
7.5% polyacrylamide gels, the gels were incubated for 30 min in 
2.5% glutaraldehyde and incubated at:55 °C ‘for 1h in.1 M 
KOH to remove serine-bound phosphate: The résulting gels were 
washed extensively in methanol/acetic’ acid (4:1, v/v) and 
exposed to Fuji films. 


Overexpression of RhoA mutants 


BAEC (70% confluent) were transfected with 1 ug of insertless 
vector (pcDNA3), pcDNA3—c-Myo—RhoAQ63L (dominant-ac- 
tive RhoA mutant where Gln-63 is substituted with Leu) or 
pcDNA3—c-Myc-RhoAQ63LC190R (dominant-active but non- 
isoprenylable RhoA mutant) (gifts from W. Moolenaar) using 
the Fugene6 transfection reagent (Roche Molecular Bio- 
chemicals). After 24 h of transfection, cells were lysed.as described 
above and the Tyr(P) content of the VEGFR was determined by 
immunoprecipitation with anti- VEGFR:2 antibodies followed 
by immunodetection with the anti-Tyr(P) monoclonal antibody. 
The levels of overexpressed RhoA mutants ın the transfected 
cells were determined in parallel experiments by immunoblotting 
the cell lysates with an anti-Myc epitope monoclonal antibody 
(9E10). 


RESULTS 


Rho-medifying toxins modulate tyrosine phosphorylation of 
endothellal cell proteins 


VEGF is an endothelial-cell-specific mitogen which is known to 
induce an increase in the tyrosine phosphorylation of a number 
of endothelial cell proteins [7-11]. Under our experimental 
conditions, the addition of VEGF (1 nM) to quiescent BAEC 
promoted a rapid but transient increase in the tyrosine phos- 
phorylation of a number of endothelial cell proteins, as detected 
by immunoblotting of anti-Tyr(P) immunoprecipitates (Figure 
1A). The tyrosine phosphorylation was maximal at 1 min and 
rapidly returned to basal levels at longer incubation times. The 
induction of tyrosine phosphorylation by VEGF, measured under 
these conditions, was highly reproducible but the extent of 
stimulation was variable, ranging from 2- to 5-fold. 

The effect of the Rho-specific activating toxin, CNF1, on the 
pattern of tyrosine phosphorylation of these endothelial cell 
proteins was examined. Quiescent cultures of BAEC were in- 
cubated with 1 ug/ml of the recombinant protein for various 
periods of time and the resulting increase in the amount of 
tyrosine phosphorylated proteins was monitored, as described 1n 
the Experimental section. As shown in Figure 1(B), incubation 
of the cells in the presence of CNF1 markedly stimulated the 
tyrosine phosphorylation of cellular proteins in a time-dependent 
manner. The stimulatory action of CNF1 was preceded by a 2 h- 
lag period, possibly reflecting its uptake and activation by the 
endothelial cells [16], and was maximal at 4—8 h and progressively 
declined at longer incubation times. A similar bell-shaped activ- 
ation of the tyrosine phosphorylation of fibroblast proteins by 


CNF 1 has been reported [16], and possibly represents an intrinsic 
feature of the toxin. This CNFl-induced tyrosine phos- 
phorylation was correlated with a decrease 1n the electrophoretic 
mobility of RhoA, but not of Cdc42, suggesting the specific 
modification of RhoA by the toxin (Figure 1C) [15]. Moreover, 
the endogenous amount of Rho was not altered by CNFI, 
eliminating the possibility that the stumulatory effect of the toxin 
was related to an upregulation of RhoA 1n the cells. Interestingly, 
this stimulatory effect of CNF1 was several fold higher in 
endothelial cells than in other cell types. For example, incubation 
of either COS-7 or glioblastoma U87 cells with CNF]1 under 
conditions resulting in maximal phosphorylation of endothelial 
cell proteins (6h) had negligeable effect on the tyrosine phos- 
phorylation of cellular proteins (Figure 1D). Overall, these results 
suggest that CNF1 is a very potent and specific inducer of 
tyrosine phosphorylation of endothelial cell proteins. 

We next examined whether the inhibition of Rho by C3 
transferase could affect the stimulation of tyrosine phos- 
phorylation triggered by VEGF and CNF1. By contrast with 
CNFI, C3 does not readily enter into cells [17], and we first 
determined the C3 concentration that would result in a significant 
modification of endogenous Rho proteins. Quiescent BAEC 
were starved for 24 h in the presence of increasing concentrations 
of C3 transferase (0—50 ug/ml) and the resulting cell lysates were 
subjected to ADP-ribosylation in vitro using ['*PINAD as the 
ribose donor. As shown in Figure 2(A), lysates from cells cultured 
in the presence of the toxin showed a concentration-dependent 
decrease in the level of [??*P]-labelled Rho (80% inhibition at 
50 ug/ml), indicating prior endogenous ADP-ribosylation. 

Incubation of the cells with C3 transferase had a moderate 
effect on the basal Tyr(P) content of endothelial cell proteins, 
with the notable exception of a 68-kDa protein, the phos- 
phorylation of which was sensitive to the toxin (Figure 2B). The 
addition of VEGF or CNF1 to BAEC promoted an increase (2- 
fold) in the tyrosine phosphorylation of endothelial cell proteins 
but their stimulatory effects were significantly reduced by prior 
incubation of the cells with C3 transferase (Figure 2B). Densito- 
metric scanning of a number of gels from different cell 
preparations indicated that the inhibitory effect of C3 on both 
CNF1- and VEGF-induced tyrosine phosphorylation was 
60+9% (n = 8). These results suggest that the stimulation of 
tyrosine phosphorylation of endothelial cell proteins by VEGF 
and CNF1 involves Rho proteins. 


CNF1 stimulates the tyrosine phosphorylation of signaling 
Intermediates 


VEGF has been shown to stimulate the tyrosine phosphorylation 
of a number of signalling intermediates [7-11]. To determine 
whether the substrates phosphorylated, following stimulation 
of the cells with VEGF, were the same as those in which phos- 
phorylation was increased by CNF1 or decreased following C3 
treatment, lysates from cells stimulated with VEGF or from 
cells preincubated ın the presence of the toxins were 1mmuno- 
precipitated with antibodies directed against proteins that were 
previously reported to be tyrosine phosphorylated upon stimu- 
lation of endothelial cells with VEGF. Using this procedure, 
p125*^*. paxillin, phospholipase Cy and a Shc-associated protein 
of 195 kDa were identified as major substrates phosphorylated in 
response to VEGF (Figure 3, left and middle panels) Pre- 
treatment of the cells with C3 abolished the VEGF-induced 
increase of tyrosine phosphorylation of these proteins, with the 
notable exception of phospholipase Cy, in which tyrosine phos- 
phorylation was less sensitive to C3 treatment. Interestingly, 
incubation of the cells with CNF1 stimulated the tyrosine 
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Figure 1 VEGF and CNF1 induce tyrosine phosphorylation of endothelial cell proteins 


(A) Time course of VEGF-induced tyrosine phosphorylation. Serum-starved quiescent BAEC were incubated in serum-free medium in the presence of 1 nM of recombinant VEGF for the indicated 
times, and the extent of tyrosine phosphorylation was determined by immunoprecipitation with anti-Tyr(P) followed by immunoblotting with the same antibody. The results are representative of 
five experiments performed on different cell preparations. Molecular-mass markers (kDa) are shown on the left. (B) Effect of CNF1 on the tyrosine phosphorylation of BAEC proteins. Quiescent 
BAEC were incubated in serum-free medium with 1 g/ml of recombinant CNF1 tor the indicated times. Tyrosine phosphorylated proteins were identified by immunoprecipitation and immunoblotting 
with the anti-Tyr(P) monoclonal antibody. The results are representative of three experiments performed on different cell preparations. Molecular-mass markers (kDa) are shown on the left. (C) 
Modification of endogenous RhoA by CNF1. Lysate proteins from control cells and from cells incubated for 6 h in the presence of 1 g/ml of CNF1 were separated on 12.5% polyacrylamide gels 
and electroblotted on to PVDF membranes. The resulting membranes were probed with anti-RhoA or anti-Cdc42 antibodies. The results are representative of two experiments performed on different 
cell preparations. (D) Specificity of CNF1 action. COS-7 and U87 glioblastoma cells were serum-starved and incubated for 6 h with 1 pg/ml of CNF1. The extent of tyrosine phosphorylation was 
monitored as described above. The results are representative of two experiments performed on different cell preparations. Molecular-mass markers (kDa) are shown on the left. ID. immunodetection: 


IP, immunoprecipitation. 


phosphorylation of the same proteins (Figure 3, right and middle 
panels). These results strongly support the notion that Rho 
proteins play a major role in the tyrosine phosphorylation events 
triggered by VEGF. 


Involvement of VEGFR-2 in CNF1-induced tyrosine 
phosphorylation 


It is now clearly established that the mitogenic effects of VEGF 
on endothelial cells are related to its specific binding to the Flk 
receptor tyrosine kinase, VEGFR-2 [6.7.18]. By analogy with 
other growth factor receptors with intrinsic tyrosine kinase 
activities, stimulation of VEGFR-2 induces intramolecular tyro- 
sine autophosphorylation of the receptor and subsequent as- 
sociation of the receptor with downstream signalling proteins 
[6.7.18]. We thus examined if the Rho-specific toxins could exert 
their effect by directly modulating the Tyr(P) content of the 
VEGFR-2. Lysates from treated BAEC were immuno- 
precipitated with anti-VEGFR-2 antibodies and the tyrosine 
phosphorylation of the receptor and its associated tyrosine phos- 
phorylated proteins was examined by immunoblotting with anti- 
Tyr(P) antibodies. As expected, stimulation of the cells with 
VEGF markedly increased the amount of Tyr(P) associated 
with the 205-kDa VEGFR-2 protein as well as that of several 
tyrosine phosphorylated proteins that co-immunoprecipitated 
with the receptor (Figure 4A, left panel). This VEGF-dependent 
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tyrosine phosphorylation of the receptor and of its associated 
proteins was, however, significantly decreased by preincubation 
of the cells with C3 transferase prior to stimulation with VEGF. 
By contrast, immunoprecipitation of VEGFR-2 from cells 
incubated in the presence of CNF1 showed that the toxin 
promoted a major increase in the Tyr(P) content of the receptor 
as well as its association with a number of tyrosine phos- 
phorylated proteins (Figure 4A, left panel). The pattern of 
tyrosine phosphorylated proteins associated with VEGFR-2 
immunoprecipitated from VEGF- and CNFI-stimulated cells 
was strikingly similar, with the notable exception of a 130-kDa 
phosphoprotein that appeared to be preferentially associated 
with VEGFR-2 in CNF I-treated cells. 

To determine whether the increase in the phosphorylation of 
VEGFR-2 induced by CNFI resulted in a stimulation of its 
kinase activity, anti-VEGFR-2 immunoprecipitates from control 
and treated cells were subjected to im ritro kinase assays. As 
shown in Figure 4(A) (right panel). immunoprecipitates from 
both CNFl1- and VEGF-stimulated cells showed a marked 
increase in the radiolabelling of VEGFR-2 and its associated 
proteins, indicating that both treatments increased the kinase 
activity of the receptor. The increase in kinase activity of VEGFR- 
2 induced by VEGF was however significantly less in immuno- 
precipitates from C3-treated cells. 

We next compared the stimulatory effect of CNFI on the 
Tyr(P)content of VEGFR-2 with that of another VEGF receptor. 
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Figure 2 Effect of C3 transferase on the VEGF- and CNF1-induced tyrosine 
phosphorylation of BAEC proteins 


(A) ADP-ribosylation of Rho. BAEC were incubated for 24 h in serum-free medium in the 

absence or in the presence of the indicated concentrations of C3 transferase (C3). The resulting 

i lysates were ADP-ribosylated /n vilro, separated by SDS/PAGE and the incorporated 
rai oactivity was revealed by autoradiography. (B) BAEC were serum-starved in the absence or 
in the presence of 50 ug/mi of purified C3 transferase, followed by incubation of the celis with 
1 nM VEGF or 1 g/ml of CNFI. The resulting tyrosine phosphorylation of endothelial cell 
proteins was determined as described in the legend to Figure 1. The results are representative 
of five experiments performed on different cell preparations. ID, immunodetection: IP, 
immunoprecipitation. 
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Figure 3 Identification of tyrosine-phosphorylated proteins following treat- 


ment of BAEC with VEGF and CNF1 


Quiescent BAEC were serum-starved for 24 h in the absence (lanes 1 and 2) or in the presence 
of e transferase (lane 3), followed by a 1-min incubation in the absence (lane 1) or in the 
presence of 1 nM of VEGF (lanes 2 and 3). In parallel experiments, BAEC were serum-starved 
for Gh in the absence (lane 4) or in the presence Gane 5) of 1 g/m! of CNF1. The 
corresponding celi lysates were subjected to immunopracipitation (IP) with agarose-conjugated 
anti- Tyr(P) (left and right panels) or with the indicated antibodies (middle panel}. The immune 
complexes were resolved by SDS/PAGE and immunodetected with the anti-Tyr(P) monoclonal 
antibody. The results are representative of two experiments performed on different cell 
preparations. ID, immunodetection; IP, immunoprecipitation; PLC, phospholipase C. 


VEGFR-1. Lysates from CNFI- and VEGF-stimulated cells 
were subjected to immunoprecipitation with anu-VEGFR-2 or 
anti-VEGFR-1 antibodies and the Tyr(P) content of the receptors 
was revealed by immunoblotting with the anti- Tyr(P) antibody. 
As expected, VEGF promoted a marked increase in the tyrosine 
phosphorylation of both receptors, with 7- and 2.5-fold increases 
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Figure 4 Effect of Rho-specific toxins on the Tyr(P) content of the VEGFR- 
2 and its associated proteins 


(A) Left panel: BAEC were incubated with the Rho-specific toxins and VEGF as described in 
the legends to Figures 1 and 2. The resulting lysates were incubated with polyclonal antibodies 
raised against the VEGFR-2 and the immune complexes were subjected to SDS/PAGE, followed 
by immunoblotting with anti-Tyr(P) monocional antibody. The results are representative of three 
experiments performed on different cell preparations. Right panel anti EGFR-2 immuno- 
precipitates (IP) from contro! and treated cells were subjected io an i viro kinase assay. 
Samples were separated by SDS/PAGE, followed by treatment with KOH and autoradiography. 
The position of VEGFR-2 is indicated by asterisks. The results are representative of two 
experiments performed on different cell preparations. (B) Lysates from control and VEGF- and 
CNF1-treated cells were immunoprecipitated (IP) with antibodies against (iD) VEGFR-2 (upper 
panels} or VEGFR-1 (lower panel). The Tyr(P) content af the resulting immune complexes was 
monitored using the anti-Tyr(P) antibody. The results are representative of two experiments 
performed on ditferent cell preparations. 1D, immunodetection: IP, immunoprecipitation, 


for VEGFR-2 and VEGFR-1 respectively (Figure 4B), in agree- 
ment with the higher stimulatory effect of VEGF on VEGFR-2 
activity reported previously [7]. Interestingly, CNFI also in- 
duced a 7-fold stimulation of the tyrosine phosphorylation of 
VEGFR-2, whereas it failed to significantly increase the Tyr(P) 
content of VEGFR-1 (1.1-fold stimulation) and of its associated 
proteins (Figure 4B, lower panel). The amounts of VEGFR-! 
and VEGFR-2 in the immunoprecipitates were constant in all 
conditions, eliminating the possibility that changes in receptor 
levels could account for the observed effects. These data thus 
indicate that modulation of Rho activity by CNFI triggers 2 
specific modification of the Tyr(P) content of the VEGFR-2 
protein that is correlated with an increase in its activity and 
with its association with downstream tyrosine phosphorylated 
proteins. 

The participation of VEGFR-2 in the increase of tyrosine 
phosphorylation induced by CNF1 was further investigated by 
monitoring the effect of a rather specific WEGFR-2 kinase 
inhibitor, SUI498 [19], on the tyrosine phosphorylation. of 
endothelial cell proteins. Cells were pretreated for | h in the 
presence of low concentrations of SU1498, followed by a 6-h 
incubation with CNF1. The resulting tyrosine phosphorylation 
of endothelial cell proteins was monitored by immuno- 
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Figure 5 inhibition of the CNF1-induced tyrosine phosphorylation by the 
VEGFR-2 inhibitor, SU1498 


Quiescent BAEC were preincubated in serum-free medium for 1 h in the presence of vehicle 
(0) or of increasing concentrations of SU1498. The cells were subsequently incubated for 6 h 
with 1 ug/ml of CNF1 and the extent of tyrosine phosphorylation was determined following 
immunaprecipitation (IP) of the cell lysates with anti-Tyr(P) (upper panel) or anti-VEGFR-2 
antibodies (lower panel). The results are representative of three experiments performed on 
different cell preparations. ID, immunodetection: IP, immunoprecipitation. 


precipitation with the anti- Tyr(P) monoclonal antibody and with 
the anti-VEGFR-2 antibodies, as described above. As shown in 
Figure 5 (upper panel), preincubation of the cells with SU1498 
resulted in a dose-dependent inhibition of the CNFl-induced 
tyrosine phosphorylation of BAEC proteins, but had no sig- 
nificant effect on the basal Tyr(P) content of the proteins, up to 
| 4M. In these conditions, half-maximal inhibition of the CNFI- 
induced tyrosine phosphorylation was achieved at a concentra- 
tion of approx. 0.1 4M, similar to that reported for the inhibition 
of the VEGF-dependent autophosphorylation of VEGFR-2 [19]. 
Moreover, the tyrosine phosphorylation of VEGFR-2 induced 
by CNF] was inhibited to the same extent by this concentration 
of SU1498 (Figure 5, lower panel). These results thus strongly 
support the notion that the CNFl-induced stimulation of the 
tyrosine phosphorylation of endothelial cell proteins is related to 
an increase in the VEGFR-2 kinase activity. 

The CNF1 toxin has been reported to act as an activator of 
RhoA, abolishing its GTPase activity by selective deamidation 
of glutamine-63 of the protein [15.20,21]. This residue is pivotal 
for Rho deactivation, since it is implicated in the binding of a 
water molecule required for hydrolysis of the GTP y-phosphate, 
a process that is considerably accelerated by rhoGAP [22]. We 
thus examined whether overexpression of a dominant-active 
RhoA mutant (RhoAQ63L) could also affect the phosphory- 
lation status of VEGFR-2. As shown in Figure 6(A), BAEC 
overexpressing RhoAQ63L showed an increase in tyrosine phos- 
phorylation of the VEGFR when compared with cells transfected 
with the vector alone. This stimulatory effect of the RhoA 
mutant was much lower than that achieved using CNF 1, possibly 
reflecting the low efficiency of gene transfection in endothelial 
cells [23]. Nevertheless, RhoAQ63L induced a 2-fold increase in 
the phosphorylation of the receptor and its association with 
phosphorylated proteins of 195 and 125kDa (Figure 6A). 
Interestingly, the stimulatory effect of the overexpressed protein 
on the VEGFR-2 Tyr(P) content was abolished in cells over- 
expressing comparable levels of a non-isoprenylable homologue 
of RhoAQ63L, RhoAQ63LCIO9OR. These results thus indicate 
that the stimulatory effect of CNFI most likely occurs through 
its activation of RhoA GTPase, and that effective stimulation of 
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Figure 6 Effect of overexpressed RhoA mutants on the tyrosine phos- 
phorylation of VEGFR-2 


(A) Subconfluent BAEC were transfected with vector alone (pcDNA3) or vectors encoding 
the RhoAQ63L and RhoAQ63LC190R mutants. Following transfection, cells were lysed and the 
Tyr(P) content of the VEGFR-2 was monitored by immunoprecipitation (IP) with anti-VEGFR-2 
polyclonal antibodies followed by immunoblotting (1D) with an anti-Tyr(P) monoclonal antibody. 
The results are representative of two experiments performed on different cell preparations. (B) 
Lysates from transfected cells (10 ug) were separated on 12% polyacrylamide gels and the 
levels of overexpressed RhoA mutants were determined by immunobiotting (ID) with a 
monoclonal antibody raised against the c-Myc epitope tag (9E10). ID, immunodetection: IP, 
immunoprecipitation. 


the VEGFR-2 tyrosine phosphorylation requires the membrane 
localization of the protein. 


DISCUSSION 


The use of bacterial toxins that specifically target Rho proteins 
has been of crucial importance to our understanding of the key 
regulatory roles played by these proteins in cellular processes 
[24]. The recently identified CNF toxin is of particular interest 
since it specifically activates RhoA by the selective deamidation 
of glutamine-63 (RhoQ63) in the switch 2 domain of the protein 
[15.20.21]. This modification of RhoQ63 to RhoE63 by CNF] 
blocks the intrinsic and GAP-stimulated hydrolysis of GTP [22]. 
and thus results in the constitutive activation of Rho [20,21]. In 
addition, CNF1 readily enters cultured cells and, following its 
activation in the cytosol, induces changes in cell architecture that 
are indistinguishable from those observed following over- 
expression of the constitutively active form of this protein 
[15 12,20:21]. 

In the present work, we observed that the incubation. of 
cultured BAEC with CNFI markedly increased the tyrosine 
phosphorylation of a wide variety of endothelial cell proteins. An 
increase in the tyrosine phosphorylation of p125*** and paxillin 
following treatment of fibroblasts and Chinese-hamster ovary 
cells with CNF 1I has been reported [16,25], but to our knowledge 
our results using BAEC as a model represent the first evidence 
that CNFI can stimulate the tyrosine phosphorylation of other 
key intermediates of growth factor-induced signalling cascades. 

This CNF -dependent increase in tyrosine phosphorylation is 
mediated by Rho proteins, since it was correlated with the 
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modification of endogenous RhoA and was completely abolished 
by prior incubation of the cells with C3 transferase, a well- 
characterized inhibitor of Rho function. Moreover, immuno- 
precipitation experiments indicated that CNF1 stimulated the 
tyrosine phosphorylation of substrates of the VEGF-mediated 
signalling cascade, such as phospholipase Cy, p125*^*, paxillin 
and a previously unidentifed 195-kDa Shc-associated protein. 
The observation that CNF1 induced an increase in the tyrosine 
phosphorylation of these proteins, and C3 inhibited the VEGF- 
dependent phosphorylation of these substrates, strongly suggests 
that Rho proteins play a role in the endothelial cell response to 
VEGF. 

We were interested to determine whether the increase in 
tyrosine phosphorylation induced by CNF1 could be related to 
activation of VEGFR-2 kinase activity, since it is well-established 
that autophosphorylation of VEGFR-2 on tyrosine residues 
represents the initial step of the VEGF-induced signalling cascade 
[7,18]. In this respect, we observed that the stimulation of BAEC 
with VEGF resulted in a marked increase in the tyrosine 
phosphorylation of VEGFR-2 and of a number of receptor- 
associated phosphorylated proteins, whereas phosphorylation of 
VEGFR-1 was stimulated to a much lesser extent by VEGF. 
Perhaps surprisingly, CNF1 induced an increase in the Tyr(P) 
content of VEGFR-2 and of its associated tyrosine phos- 
phorylated proteins, which showed a striking similarity to that 
induced by VEGF, but pretreatment of the cells with C3 
transferase inhibited the VEGF-dependent tyrosine phosphory- 
lation of VEGFR-2. Furthermore, this increase in VEGFR-2 
Tyr(P) content was correlated with an increase in kinase 
activity towards its associated proteins. The stimulatory effect of 
CNF1 on VEGFR phosphorylation was specific for VEGFR-2, 
as treatment of the cells with the toxin failed to increase the 
VEGFR-1 Tyr(P) content. The involvement of Rho proteins 1n 
the regulation of the VEGFR-2 tyrosine phosphorylation levels 
was also strengthened by the observation that the overexpression 
of a dominant-active RhoA mutant (RhoAQ63L) resulted in a 
similar increase in the VEGFR-2 tyrosine phosphorylation. 
Taken together, these results suggest that Rho proteins may 
represent a key intermediate in the signal transduction pathways 
involved in the response of endothelial cells to VEGF by 
modulating the activity of the most upstream component of this 
pathway. 

Although receptor tyrosine kinase phosphorylation has been 
associated with ligand-induced dimerization and auto- or trans- 
phosphorylation of the receptors [26], other evidence has pointed 
to the existence of an equilibrium between monomeric and 
dimeric receptors in the absence of ligand [27]. In the case of 
VEGFR-2, monomeric forms of the extracellular domain of the 
receptor bind VEGF 100 times more weakly than its dimeric 
forms, suggesting a component with strong avidity for binding 
VEGF to predimerized forms of the receptor [28]. Moreover, 
NIH 3T3 cells overexpressing VEGFER-2 showed a higher 
proliferation rate in the absence of VEGF, suggesting that 
receptors have an intrinsic ability to dimerize in the absence of 
ligand [28]. It is thus possible that an unliganded but predimerized 
pool of VEGFR-2 is activated in a Rho-dependent manner, 
leading to the increase in phosphorylation of the receptor and the 
concomitant recruitment of tyrosine phosphorylated proteins 
observed in the present study. 

The Rho-dependent pathways leading to VEGFR-2 phos- 
phorylation and stimulation of its kinase activity remain to be 
characterized. The involvement of geranylgeranylated proteins 
in the modulation of growth-factor-receptor tyrosine phos- 
phorylation activities has recently been suggested, based on the 
selective inhibition of the ligand-dependent tyrosine phos- 


phorylation of both platelet-derived growth factor (PDGF) and 
epidermal growth factor ((EGF") receptors by inhibitors of 
isoprenylation [29] Since post-translational modification of Rho 
proteins by geranylgeranylation is essential for their association 
with cellular membranes and biological activities [12], the present 
results suggest that RhoA could represent the geranylgeranylated 
protein responsible for the control of the tyrosine phos- 
phorylation activities of these receptors. This hypothesis is 
supported by our observation that the overexpression of a 
dominant-active but non-isoprenylable mutant of RhoA (Rho- 
AQ63LC190R) failed to stimulate the tyrosine phosphorylation 
of VEGFR-2. 

It has been demonstrated that RhoA associates physically with 
the PDGF receptor upon stimulation of the cells with PDGF 
[30], but we have been unable to detect a similar recruitment of 
RhoA to VEGFR-2 upon stimulation of endothelial cells with 
VEGF or CNF1 (D. Gingras and R. Béliveau, unpublished 
work). This suggests that additional proteins might induce the 
activation of the receptor either by inducing conformational 
changes in the protein or by directly phosphorylating specific 
tyrosine residues within the cytoplasmic tail of the receptor. In 
this context, it is noteworthy that recent studies have suggested 
that full activation of the VEGFR-2 and PDGF receptors 
involves the phosphorylation of multiple tyrosine residues within 
the receptors, possibly by other protein kinases [31,32]. 

In summary, our results suggest that Rho proteins play an 
important role in VEGFR-2 function by modulating the Tyr(P) 
content and kinase activity of the receptor. Further studies aimed 
at the identification of the Rho-dependent signalling pathways 
leading to the activation of VEGFR 2, and their involvement in 
the signalling cascade triggered by this angiogenic cytokine, may 
be of significant importance in the understanding of the 
mechanisms involved in tumour angiogenesis. 
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Human Sug1/p45 is involved in the proteasome-dependent 


degradation of Sp1 
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The transcription factor Spl was previously shown to undergo 
proteasome-dependent degradation when cells were glucose- 
starved and stimulated with the adenylate cyclase inducer, 
forskolin. However, the control of the Spl degradation process 
is largely unknown. Using in vitro and in vivo interaction studies, 
we show in the present study that Sp] interacts with human Sug] 
[hSugl, also known as p45 or thyroid-hormone-receptor inter- 
acting protein CTRIP1’)], an ATPase subunit of the 268 
proteasome and a putative transcriptional modulator. This 
interaction with Spl occurs through the C-terminus of hSugl, 
the region that contains the conserved ATPase domain in this 
protein. Both in vitro studies, in reconstituted degradation assays, 
and in vivo experiments, in which hSugl is overexpressed in 


. normal rat kidney cells, show that full-length hSugl 1s able to 


S 


Ww 


stimulate the proteasome-dependent degradation of Spl. How- 
ever, hSugl truncations that lack either the N- or C-terminal 


domain of hSugl act as dominant negatives, inhibiting Spl 
degradation in vitro. Also, an ATPase mutant of hSugl, while 
still able to bind Spl, acts as a dominant negative, blocking Spl 
degradation both in vitro and in vivo. These results demonstrate 
that hSugl is involved in the degradation of Spi and that ATP 
hydrolysis by hSugl is necessary for this process. Our findings 
indicate that hSugl is an exchangeable proteasomal component 
that plays a critical regulatory role in the proteasome-dependent 
degradation of Spl. However, hSugl is not the factor limiting 
Spl degradation in the cells treated with glucosamine. This and 
other considerations suggest that hSug! co-operation with other 
molecules 1s necessary to target Sp! for proteasome degradation. 


Key words: diabetes, glucosamine, glycosylation, O-GlcNAc, 
transcription. 





INTRODUCTION 


The transcription factor Spl is important for the expression 
of many cellular genes, particularly housekeeping genes [1]. 
Although Spl has generally been considered to constitutively 
regulate gene expression, its activity and cellular content have 
been shown to be regulated during a variety of cellular processes 
[2,3]. We have previously shown that Sp! is rapidly degraded by 
the proteasome in cells that are both glucose-starved and 
stimulated with cAMP [4]. Under these conditions, protein 
modification of Spl and other cellular proteins by O-linked N- 
acetylglucosamine (O-GlcNAc) is markedly reduced. Conversely, 
treatment of cells with glucose or glucosamine results in increased 
levels of O-GlcNAc and blocks the cAMP-mediated degradation 
of Spl. We have postulated that Spl degradation by the 
proteasome might be part of the cellular response to nutrient 
deprivation and stress. The loss of Spl would down-regulate 
general gene transcription to conserve nutrients. 

The 26 S proteasome is a complex organelle that degrades 
certain proteins via an ATP-dependent proteolytic pathway 
[S—7]. There is considerable evidence that the proteasome plays 
an important role in the regulation of diverse cellular processes, 
such as gene transcription, cell cycle progression and metabolism 
[5]. The 26 S complex is composed of a 20 S proteolytically active 
core and a 19 S regulatory complex [8-10]. The 19 S complex is 
located at the end(s) of the 20 S core and provides the components 
necessary for selective degradation of proteins and regulation of 


j 

the activity of 20S proteases [11,12] The ATP-dependence for 
proteolysis by the 26S proteasome derives from the ATPase 
subunits in the 19 S complex. Thus far at least six distinct, but 
related, ATPases have been found in the 19 S complex of 
mammalian proteasomes: human Sug! [hSugl, also known as 
p45 or thyroid-hormone-receptor interacting protein (" TRIPI )], 
S4 (also known as p56), MSS1, TBP1, TBP7, and p42 [13-18]. It 
is thought that ATP hydrolysis by these ATPases provides 
energy for the unfolding and translocation of the substrates to 
the lumen of the 20 S core and for the assembly of the 26 S 
proteasome [19]. It is not clear why proteasomes have multiple 
ATPases and whether there 1s functional specificity among 
them. However, 1n yeast, it has been shown that different pro- 
teasomal ATPases have well-differentiated functions [20,21], and 
mutations in individual ATPases can markedly reduce the 
degradation of some substrates, while not affecting others [22]. 
Thus the ATPases in the proteasome might participate in the 
recognition of distinct substrates [5]. 

hSugi, one of the six known mammalian proteasomal 
ATPases, is the human homologue of yeast Sug] [23]. Sug] has 
been identified as an integral component of the 26 S proteasome 
in that it co-purifies with the proteasome in both conventional 
and nickel-chelate affinity chromatography [18] In yeast, 
mutations ın Sugi cause the accumulation of mitotic cyclins and 
cell cycle arrest in G2/metaphase [22]. The processing of nuclear 
factor-«B via the ubiquitin-proteasome pathway is inhibited 
when this protein is expressed in yeast with Sug] mutations [24]. 


Abbreviations used AAA, ATPase associated with a variety of cellular activites, C Sug1, C-terminal domain of human Sug1, DMEM, Dulbecco's 
modified Eagle's medium, DTT, dithiothreitol, FBS, fetal bovine serum, GST, glutathione S-transferase, hSug1, human Sug1, hSugimk, ATPase mutant 
of hSug1, LLnL, N-acetyl-Leu-Leu-norLeu-al; N.Sug1, N-terminal domain of hSugi, NRK, normal rat kidney; O-GIcNAc, O-linked N-acetylglucosamine, 
RT, reverse transcription, Stat3, signal transducer and activator of transcription 3 
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Besides being a proteasome component, Sug! has also been 
shown to interact with transcription factors and to be involved 
in the regulation of transcription. A yeast two-hybrid screen in- 
dicated that transcription factor c-Fos, also a known proteasome 
substrate, interacts with mammalian Sug! [25]. Sug] has been 
reported to mediate the association of transcriptional activators 
with the RNA polymerase II holoenzyme and to interact with the 
family members of nuclear receptors [26—29]. Recent evidence 
that Sug] is a DNA helicase and that its ATPase activity 1s 
stimulated by RNAs supports the idea that Sugl is involved in 
gene transcription [30,31]. How the activites of Sugl as a 
transcriptional modulator and as a proteasome component can 
be reconciled is not clear. The observation that Sugl is pre- 
dominantly located in the nucleus implies a possible role for Sug] 
in the degradation of transcription factors [25,32]. 

In the present study we report that hSugl interacts with Spl 
protein both in vitro and in vivo. The C-terminal domain (amino 
acids 173—405) of hSugl (C.Sugl) confers this interaction. Using 
an in vitro reconstituted degradation assay and an in vivo 
expression system, we show that wild-type hSug]l accelerates the 
proteasome degradation of Spl, while inactivated mutant forms 
of hSugl inhibit this Spl degradation. Our results provide direct 
evidence that hSugl is involved 1n the degradation of at least one 
transcription factor, Spl. 


MATERIALS AND METHODS 
Cell culture 


Normal rat kidney (NRK) cells were grown 1n Dulbecco's 
modified Eagle's medium (DMEM) with 10 95 (v/v) fetal bovine 
serum (FBS) with non-essential amino acids (Gibco BRL, Grand 
Island, NY, U.S.A.), 100 ug/ml penicillin (Sigma, St Louis, 
MO, U.S.A.) and 50 ug/ml gentamicin (Sigma), at 37°C in 
air/CO, (93:7). For stimulation of the cells, exponentially 
growing cells were seeded at 2.5 x 10* cells/100 mm diameter 
dish. After overnight incubation, the cell culture medium was 
changed to glucose-free DMEM containing 10% FBS, and the 
cells were incubated for an additional 20 h. The cells were then 
stimulated with vehicle alone, 100 uM forskolin or 5 mM glucos- 
amine (Sigma) in glucose-free DMEM containing 10% FBS, 
and incubation was continued for an additional 24 h before cells 
were harvested. 


DNA constructs 


The hSugl cDNA was cloned and amplified by reverse-tran- 
scription (RT)-PCR from human breast cancer cell line MDA 
468 mRNA using high-fidelity Pfu DNA polymerase (Stratagene, 
La Jolla, CA, U.S.A.). The PCR primers used to clone hSugl 
cDNA were designed according to the hSug] cDNA sequence. 
They were: 5’-primer, 5'-CGCGGATCCCCGATGGCGCTTG- 
ACGGACC-3’ and 3’-primer, 5’-CATAGGCCTTCACTTCCA- 
TAATTICTTGATGG-3’. The N-terminal domain (amino acids 
1-176) of hSug1 (N.Sugl) cDNA and C.Sug] cDNA were cloned 
and amplified using the same strategy as that used for hSug! full- 
length cDNA. The PCR primers used for N.Sugl were: 5'- 
primer, 5'-CATGAATTCATGGCGCTTGACGGACCAG-3' 
and 3’-primer, 5-ATGCTCTAGACTTCGAAGAGCTCAGG- 
ATGC-3’. The PCR primers used for C.Sugl were: 5’-primer, 5’- 
ATGCTCTAGAGAGCTCTICGAAGCACTGQG-3' and the 3’- 
primer was the same as that used for cloning the full-length 
hSugl. The lysine residue at position 196 in hSugl was converted 
to a methionine by site-directed mutagenesis to generate an 
ATPase mutant of hSugi (hSuglmk). All the above constructs 
were confirmed by DNA sequencing. 
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Expression and purification of glutathione S-transferase (GST) 
fusion proteins in Escherichia coll and vaccinia virus 


The GST fusion proteins were expressed in E. coli and purified 
on glutathione-Sepharose beads (Pharmacia, Piscataway, NJ, 
U.S.A.) according to Pharmacia's pGEX protocol. The GST 
fusion proteins expressed using recombinant vaccinia viruses 
were purified as described previously [33]. 


In vitro protein interaction assay 


Equal quantities of the GST fusion proteins immobilized on 
glutathione-Sepharose affinity beads were washed extensively 
with binding buffer [50 mM KH,PO, (pH 6.0), 100 mM KCI, 
10 mM MgCl, 10% (v/v) glycerol and 1% (v/v) Tween-20]. 
The Promega in vitro transcription and translation ( TNT’) kit 
from reticulocyte lysate was used as directed by the manufacturer 
to synthetically label Spi protein with [*S}methionine. The 
labelled Sp1 (in 5 yl of reticulocyte lysate) was added to 5 ug of 
GST fusion proteins, immobilized on the glutathione beads. 
After incubation for 1 hat 4 °C the beads were washed extensively 
with the binding buffer and boiled in SDS/PAGE sample buffer. 
The proteins bound to the beads were then separated by 
SDS/PAGE. The *S-labelled proteins that had bound to the 
beads were visualized by fluorography, while the unlabelled GST 
fusion proteins were visualized following Coomassie Brilliant 
Blue staining of the gel. 


The reconstituted degradation assay 


Nuclear extract from differently treated NRK cells was prepared 
using the high salt extraction method described previously [33]. 
Vaccinia virus-expressed GST-hSugl, GST-hSuglmk, GST- 
N.Sugl, GST—C.Sugi or GST were purified and eluted with 
20 mM free glutathione. These GST proteins were preincubated 
with 50 ug of NRK nuclear extract at room temperature for 
15 min in ATPase assay buffer containing 20 mM Tris/HCl (pH 
7.5), 70 mM KCI, 1.5 mM MgCl, and 1.5 mM dithiothreitol 
(DTT). Vaccinia virus-expressed GST-Spl protein (10 ng) and 
2 mM ATP were then added into the reaction mixture. Following 
incubation at 37°C for 30min, the reaction mixture was 
separated by SDS/PAGE and subjected to Western-blot analysis 
using anti-GST antibodies. 


In vivo protein interaction assay 


NRK cells were cultured in 5 mM glucose medium to 90% 
confluency. The cells were infected with recombinant vaccinia 
viruses that allowed expression of the GST fusion proteins. After 
infection of NRK cells with recombinant viruses for 16—23 h, the 
cells were collected and resuspended in the whole-cell lysate 
buffer containing 20 mM Hepes (pH 7.9), 0.4 M NaCl, 3 mM 
MgCl, 05% Nonidet P40, 0.2 mM EDTA, 0.2 mM EGTA, 
10% glycerol, 1 mM DTT, 1 mM PMSF, 5 ug/ml leupeptin and 
5 ug/ml aprotinin. After incubation on ice for 10 min the cells 
were gently vortex-mixed for 10 s and centrifuged for 15 min at 
16000 g at 4 °C. The supernatant was collected and designated as 
whole-cell lysate. Glutathione-Sepharose affinity beads were 
incubated with the whole-cell lysate for 2 h at 4 °C in the same 
buffer as above except that the concentration of NaCl was 
150 mM. The beads were then collected and washed 4 times with 
the incubation buffer. The proteins bound to the beads were then 
separated by SDS/PAGE followed by Western-blot analysis. 
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RESULTS 


Protein structure of hSug1 and the expression of hSug1 in E. coli 
and vaccinia virus 


Structural analysis has identified hSugl as a member of the AAA 
(ATPase associated with a variety of cellular activities) super- 
family of putative ATPases [34]. As shown in Figure 1(A) the C- 
terminus of hSugl contains a highly conserved ATPase domain 
CCAD’ or AAA domain). The N-terminus of hSug! contains a 
putative colled-coil structure whose function is still unknown. 
Recent evidence has shown that yeast and mammalian Sug! are 
ATPases, and mutation of the lysine residue at position 196 
eliminates their ATPase activity [30]. The lower panel in Figure 
HA} is a diagram showing the N-terminal domain (amino acids 
1-176) and the C-terminal domain (amino acids 173—406) of 
hSugl used in the present study. We cloned the cDNA of hSugl 
by RT-PCR and expressed hSugl as a GST fusion protein. As 
shown in Figure 1(B) GST-hSug] was expressed with the correct 
molecular mass in mammalian cells using vaccinia virus (Figure 
IB, lane 1) and in Æ. coli (Figure 1B, lane 2). GST expressed in 
E. coli is shown in Figure 1(B), lane 3. 
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hSug1 protein interacts with Sp1 in vitro 


As an initial step to investigate whether hSugl is involved in the 
degradation of Spl, we first examined the potential for direct 
interaction between the hSugl protein and the Spl protein. We 
performed in vitro binding studies using a GST pull-down assay. 


(Figure 2A). Equal amounts of GST or GST-hSugl were 
immobilized on glutathione-Sepharose beads and incubated with 
in vitro-translated, [?S]methionine-labelled human Spi (full- 
length Spl). As shown in Figure 2(B), GST-hSug! pulled down 
Spl (lane 2), while GST alone did not pull down Spl (lane 1). We 
observed the same results with vaccinia virus-expressed GST 
fusion proteins (results not shown). These results show that 
hSugl specifically interacts with Spi in vitro. 


C.Sug1 and hSugimk interact with Sp1 efficiently in vitro 


To determine which domain of hSugl interacts with Spl we 
expressed C.Sugl and N.Sugl as GST fusion proteins in Æ. coli 
and tested their abilities to interact with Spl by in vitro protein- 


CAD or AAA domain 
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Figure 1 hSugi protein structure and expression of hSug1 in £E. coli and vaccinia virus 


(A) bSug? protein structure. The putative coiled-coil structure and the conserved ATPase domain are represented. The consensus ATP-binding motif is shown in the box. The lysine residue which 
is critical for ATP binding is indicated by the asterisk. The N- and C-terminal domains of hSug! used in the present study are also shown. (B) The expression of hSug1 as GST fusion protein 


in & col and vaccinia virus (VV). 
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Figure 2 hSug1 protein interacts with Sp1 in vitro 


In vitroAranslated, [?S]methionine-labelled human Sp! (amino acids 1—778) was incubated 
with GST-nSug! (amino acids 1—4086 of hSugt) or GST protein immobilized on 
giutathione-Sepharose beads. After the beads were washed, bound proteins were eluted and 
resolved by SDS/PAGE. Coomassie Brilliant Blue staining of the gel confirmed equivalency of 
loading (A). Fluorography shows the bound ""S-labelled proteins (B). The signals from one- 
third of the labelled input proteins are indicated in the left panel of (B). 


each reaction (Figure 3A). As shown in Figure 3(B) C.Sugl 
bound Sp] to approximately the same extent as the full-length 
hSugl (lanes 2 and 3), while N.Sug! bound Spl at a near 
background level, as indicated by the GST control (lanes | and 
4). These results demonstrate that the C-terminal ATPase domain 
of hSugl interacts with Sp! efficiently in vitro. 

The assembly of the 19 S complex and the 20 S catalytic core 
of the proteasome is ATP-dependent, suggesting that the inter- 
actions between the subunit proteins require ATP-binding [35]. 
To test if the ATPase activity of hSugl is required for its 
interaction with Spl, we used site-directed mutagenesis to replace 
lysine’*® with a methionine residue, thereby creating an ATPase 
mutant of hSugl, hSuglmk. We expressed hSugimk as a GST 
fusion protein in Æ. coli and tested if this mutant hSugl could 
interact with Spl using the in vitro interaction assay. Figure 3(C) 
shows that equal quantities of GST, GST-hSugl or GST- 
hSuglmk proteins were applied in each reaction and Figure 3(D) 
shows that the mutant hSuglmk bound Sp] to the same extent 
as the wild-type hSugl (lanes 2 and 3). Our results show that the 
ATPase mutation of hSug! does not detectably affect its binding 
affinity with Spl. 
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Figure 3 C.hSug1 and hSugimk interact with Sp1 efficiently in vitro 


in vilro-translated ["S]methionine-labelled human Spt was incubated with GST-hSug! (amino 
acids 1-406 of nSug!i, GST-C.hSug! (amino acids 173-406), GST-N hSugt (amino acids 
1-176), GST-hSugt mk (ATPase mutant) or GST immobilized on glutathione--Sepharose beads. 
After the beads were washed, bound proteins were eluted and resolved by SOS/PAGE. 
Coomassie Brilliant Blue staining of the gel confirmed equivalency of loading (A and C). 
Fluorography shows the bound “*S-labelled proteins (B and D). The signals from one-third 
of the labelled input proteins are indicated in the left panels of (B) and (Dj. 


hSug1 interacts with Sp1 in vivo 


To determine if the interaction of hSug! and Spl can occur in 
living cells, we used vaccinia virus to express GST, GST-hSugl, 
GST-hSugimk, GST-N.Sugl and GST-C.hSugi in NRK cells. 
The cells were cultured in 5 mM glucose medium in the presence 
of the proteasome inhibitor, N-acetyl-Leu-Leu-norLeu-al 
(LLnL), to prevent Spl degradation. The expressed GST fusion 
proteins were purified on glutathione-Sepharose beads and the 
endogenous Sp! in the cells that co-purified with the indicated 
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Figure 4  hSug1 interacts with Spt in vivo 


(A) NRK celis cultured in 5 mM glucose medium were infected with vaccinia virus expressing 
GST, GST-hSug!. GST-hSug!mk, GST-N.Sug! or GST-C.Sugt for 22 h in the presence of 
the proteasome inhibitor LLnL. The whole-cell lysate was prepared and the expressed GST 
fusion proteins were purified on glutathione-Sepharose beads. The glutathione beads were 
extensively washed and the proteins bound on the beads were separated by SDS/PAGE followed 
by Western-biot analysis using an anti-Sp1 antibody (lanes 6-10). Lanes 1—5 were loaded with 
the whole-cell lysate before giutathione bead purification. It represents one-fifteenth of the input 
whole-cell lysate for glutathione bead purification. (B) The membrane from (A) was stripped and 
reprobed with an anti-GST antibody. 


GST fusion proteins was examined by Western-blot analysis 
using Spl antiserum. Figure 4(A) shows that the endogenous Spl 
did not co-purify with GST alone or with N.Sugl (lanes 6 and 9), 
but did co-purify with the wild-type hSugl, hSugl mk and C.Sugl 
(lanes 7, 8 and 10). The expression levels of the GST fusion 
proteins in the NRK cells are shown in Figure 4(B). Although the 
mutant hSuglImk appears to have pulled down less Spl than 
wild-type hSugl, the level of expression of GST-hSuglmk was 
less in this experiment than the level of expression of the wild- 
type form (Figure 4B, lanes 7 and 8). These results demonstrate 
that in vivo, hSugl through its C-terminal domain can interact 
with Spl in an ATPase-independent fashion. These in vivo results 
are in general agreement with those of the in vitro studies. 


Wild-type hSug1 stimulates Sp1 degradation while hSugimk, 
N.Sug1 and C.Sug1 inhibit Sp1 degradation in vitro 


To determine if hSugl is involved in the proteasome-dependent 
degradation of Spl, we tested the effect of hSug! proteins and its 
mutant forms on the degradation of Spl using an in vitro 
reconstituted assay. We have previously established this recon- 
stituted degradation assay to map the domain in spl that 
targets its proteasome-dependent degradation [33]. We have 
shown that recombinant GST-Spl protein is degraded in vitro in 
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fant: 


a proteasome-dependent manner in a two-step process by 
an activated nuclear extract made from glucose-starved and 
forskolin-stimulated NRK cells. Affinity-purified vaccinia virus- 
expressed GST-hSugl was preincubated with the activated NRK 


were added to the mixture and incubated at 37 °C for 30 min. 
The reaction mixture was separated by SDS/PAGE and subjected 


extract from glucose-starved and forskolin-stimulated NRK cells 
and the usual degradation product, GST-SpX, was generated 


generation of more GST-SpX (Figure 5, 


alone had no effect on the GST-Sp1 degradation process (Figure 
5, lanes 11 and 12). These results indicate that wild-type hSugl 
augments the proteasome-dependent degradation of Spl. 

The ATPase subunits of the 26 S proteasome play important 
roles in the degradation of the substrates [36]. We therefore 
tested if the ATPase activity of hSugl is required for Spl 
degradation. We performed the reconstituted degradation assav 
as described above. The addition of increasing amounts of 
GST-hSuglmk to activated extract resulted in progressively 
less GST-Spl degradation and less generation of GST-SpX 
(Figure 5, lanes 8-10). Thus not only is the ATPase activity of 
hSugl necessary for its activity in the augmentation of Sp] 
degradation, but also the ATPase mutant of hSugl acts as a 
dominant negative, thereby inhibiting the proteasome-dependent 


also inhibited Spl degradation in a dose-dependent manner 
(Figure 5, lanes 13-18). In this experiment GST-hSuglmk, 
GST-N.Sugl and GST-C.Sugl themselves were not degraded. 
Taken together, while hSugl stimulates Sp] degradation in this 
in vitro system, both the N- and C-terminal domains of hSugl are 
necessary for this function, and the ATPase activity of hSugl is 
required in the degradation process of Spl. The ability of mutant 
forms of Sugl to act as dominant negatives and the ability of the 
wild-type form to augment processing suggest that hSugl is at 
least one of the ATPases involved in the proteasome-dependent 
degradation of Spl. 


Wild-type hSug1 stimulates Sp1 degradation, while hSugimk 
inhibits Sp1 degradation, in vivo 


To determine if the effects of hSugl seen in vitro can occur in viro 
on native Spl, we again used vaccinia virus to drive expression 
of GST-hSug! or GST-hSuglmk in NRK cells stressed with 
glucose starvation and forskolin stimulation. After glucose starv- 
ation NRK cells were stimulated with forskolin in glucose- 
free medium for 5 h, before the cells were infected with vaccinia 
virus. The cells were then incubated in glucose-free medium in 
the presence of forskolin for an additional 16 h before cells were 
harvested. The whole-cell lysate was prepared and the levels of 
endogenous Sp! were examined by Western-blot analysis using 
an anti-Spl antibody. As shown in Figure 6(A) the content of 


than that in the cells expressing GST alone (lanes | and 2). 
suggesting that the expression of wild-type hSugl in stressed 
NRK cells further stimulated Spl degradation. However, the 
expression of hSugl mk did not affect the levels of Spl in this 
experiment (Figure 6A, lane 3). The same blot in Figure 6(A) was 
stripped and reprobed with anti-[signal transducer and activator 
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Figure 5 Wild-type hSug1 stimulates Sp1 degradation while hSugimk, N.Sug1 and C.Sug1 inhibit Sp1 degradation in vitro 


GST-N.hSugt, GST-C.hSug! (for each fusion protein, approx. 4 ng, 12 ng and 24 ng of protein was used in the first, second and third doses respectively), GST (approximately 12 ng and 
25 ng was used in the first and second doses, respectively) or buffer alone as a control. Recombinant GST-Sp1 protein was then added fo the preincubation mixture. After incubation, the reaction 
mixture was resolved by SDS/PAGE and subjected to Western-blot analysis using an anti-GST antibody. 


Nuclear extract (NE) from the NRK cells that had been glucosamine-treated (GicN) or glucose-starved and forskolin-treated was preincubated with purified proteins GST-hSugt, GST-nSugtmk, 
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Figure 6 Wild-type hSug1 stimulates Sp1 degradation while hSugimk inhibits Sp1 degradation in vivo 


virus expressing GST, GST-hSugl or GST—hSugt mk for 16 h (A-G) or 23 h (O—F) in glucose-free medium with 100 aM forskolin, or for 16 h in glucose-free medium with 5 mM glucosamine 
(G—0. The whole-cell lysate was prepared and separated by SDS/PAGE followed by Western-blot analysis using anti-Sp1 antibody (A, D and G). The membranes from (A), (D) and (G) were stripped 
and reprobed with an anti-Stat3 antibody as a protein loading contro! (B, E and H). The same membranes were stripped and reprobed with anti-GST antibody to show the levels of GST fusion 


proteins expressed in those cells (C, F and 


After 24 h of glucose starvation NRK cells were stimulated with 100 uM forskolin (A-F) or 5 mM glucosamine (G4) in glucose-free medium for 5 h. The celis were then infected with recombinant 
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of transcription 3 (Stat3)] antibody to confirm the known 
specificity of this proteasome response and to assess equal loading 
of proteins in each lane (Figure 6B). As shown in Figure 6(C), 
approximately similar amounts of GST fusion proteins were 
expressed in the cells. 

In a separate experiment the NRK cells were incubated in 
glucose-free medium in the presence of forskolin for 23 h, rather 
than 16h, after vaccinia virus infection. The cells were then 
harvested and lysed. In this case basal degradation of Spl was 
nearly complete in the cells expressing GST (Figure 6D, lane 1). 
In contrast, this degradation was effectively blocked in the cells 
expressing GST-hSuglmk (Figure 6D, lane 3). Since Spi degra- 
dation was nearly complete under the basal conditions of this 
experiment, the augmentation of degradation by wild-type hSug1 
was not clearly appreciable (Figure 6D, lane 2). The specificity/ 
loading control with Stat3 is shown in Figure 6(E) and the 
expression level of the GST fusion proteins is shown 1n Figure 
6(F). Taken together these results suggest that the expression of 
hSugl in stressed NRK cells is able to stimulate the degradation 
of endogenous Spl, while the expression of hSugimk is able to 
inhibit Spi degradation. 

While nutritional stress stimulates the proteasome-dependent 
degradation of Spl in NRK cells, glucosamine treatment of these 
cells blocks this process. Since hSugl augments Spl degradation 
in stressed cells, we next determined whether hSugl could 
stimulate this degradation in glucosamine-treated cells. After 
glucose starvation, NRK cells were stimulated with glucosamine 
for 5 h before the cells were infected with the vaccinia viruses that 
drive expression of either GST-hSugl or GST-hSuglmk. The 
cells were incubated in the presence of glucosamine for an 
additional 16 h before cells were harvested. The content of Spi 
in the whole-cell lysate was examined by Western-blot analysis 
using an anti-Spl antibody. The levels of Sp] remained constant 
in the cells expressing GST, GST~hSugl or GST-hSuglmk 
(Figure 6G, lanes 1-3). The protein loading (Figure 6H) and 
GST-fusion protein expression (Figure 6I) were confirmed as 
above. These results show that the expression of hSugl cannot 
stimulate Spl degradation in glucosamine-treated cells. Similar 
results were obtained using the m vitro reconstituted degradation 
assay. The addition of GST-hSugl protein to an extract from 
glucosamine-treated NRK cells was unable to restore the 
proteasome-dependent degradation of Spi (results not shown). 


hSugi protein is not modified by 0-GicNAc 


The inability of hSugl to stimulate Sp] degradation in glucos- 
amine-treated cells could result from the modification of this 
protein by O-GlcNAc and an alteration in its ability to 
function in the degradation process. To determine if GST-hSugl 
synthesized in glucosamine-treated NRK cells is modified by 
O-GlcNAc, we purified the protein from the cells and attempted 
to measure the O-GlcNAc content of the protein using the 
galactosyl-transferase method [37]. Recombinant proteins GST, 
GST-hSugi and GST-SpE (SpE contains domain B, a gluta- 
mine-rich activation domain of Spl [37]) were expressed and 
purified from glucosamine or forskolin-treated cells as described 
above Approximately 50 ng of these proteins was labelled with 
PHi galactose using galactosyltransferase. Our results show that 
GST-hSugl, prepared from either glucosamine- or forskolin- 
treated cells, was not labelled by PH]galactose, suggesting that 
GST-hSug! was not modified by O-GlcNAc (results not shown). 
However, we readily detected the glycosylation of the Spl pep- 
tide, SpE, prepared from glucosamine-treated cells (results not 
shown). Ás a negative control, GST alone was not modified by 
O-GlcNAc (results not shown). We also performed Western-blot 
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analysis using a GlcNAc-specific monoclonal antibody, RL-2, 
to attempt to detect O-GlcNAc modification of hSugl under 
denaturing conditions [38]. Recombinant protein GST-hSugl 
prepared from glucosamine-treated cells was not recognized by 
the RL-2 antibody (results not shown). Our results suggest that 
no O-GlcNAc modification of hSugl protein is detectable under 
native or denaturing conditions. 


DISCUSSION 


Previous studies have shown that Spl is rapidly degraded by the 
proteasome under the conditions of glucose-starvation and 
stimulation by cAMP [4]. However, the control of this degra- 
dation process 1s largely unknown. The accurate and specific 
selection of substrates for proteasome degradation may depend 
upon the signals in the substrates and also upon the proteasome 
itself. We have previously identified the N-terminal 54 amino 
acids of Spl as the major domain that targets Spl for proteasome- 
dependent degradation [33]. In the present study we further 
dissected the molecular basis for the control of Spl degradation. 

Our results demonstrated that the proteasomal ATPase hSugl 
is involved in the degradation of Spl. Through its C-terminal 
domain, hSug] interacts with Sp1 both in vitro and m vwo. While 
the interaction between these molecules does not depend on the 
ATPase activity of hSugl, in a reconstituted degradation assay 
and in the living cells, wild-type hSugl stimulates Spl degra- 
dation, whereas the ATPase mutant hSuglmk and the N-and C- 
terminal domains of hSugl block this Spl degradation. These 
results suggest that the recombinant hSug1 can exchange with 
the endogenous hSugl in the degradation assay. Furthermore, 
full-length hSugl1 with intact ATPase activity is both sufficient 
and necessary for the proteasome degradation of Spl under the 
experimental conditions. Like the ATPase mutant, the N- and C- 
terminal fragments of hSugl both block Sp1 degradation possibly 
by perturbing the function of endogenous wild-type hSugl. 
There are two possible mechanisms to account for the observation 
that the N-terminal fragment of hSugl inhibits full-length hSugl 
function. The N-terminal Sug! moiety encompasses a putative 
coiled-coil structure, which has been proposed to be involved in 
protein-protein interactions. Furthermore, previous evidence 
indicates that mammalian Sugl can dimerize or oligomerize and 
that the N-terminus is required for Sugl oligomerization [26]. If 
the activity of hSugl depends on dimer formation, then the N- 
terminal hSugi fragment could compete for dimerization with 
the full-length hSugl and act as a dominant negative, thereby 
inhibiting the activity of this molecule in the Spl degradation 
process. The other possibility relates to the mechanism by which 
Sugl is recruited to the 19 S complex of the proteasome. It has 
been determined that the coiled-coils in the N-terminal region of 
proteasomal ATPases probably direct the placement of these 
proteins within the proteasome [39]. Thus the truncated hSugl 
N-terminal domain could inhibit the recruitment of full-length 
hSugl to the proteasome by occupying the available docking 
sites on this organelle. Similarly the C-terminal fragment of 
hSugl could compete with wild-type hSugl for interaction with 
Spl. Failure of the C-terminal fragment to dimerize or interact 
with the proteasome could account for the inhibitory properties 
of this Sugi fragment on Spl degradation by the proteasome. 
Since there is high sequence similarity among the six proteasomal 
ATPases [34], our evidence does not exclude the possibility that 
other proteasomal ATPases may also be involved in the degra- 
dation of Spi. However, the fact that the N-terminal domain of 
hSugl has only about 18 % sequence similarity with other family 
members and yet inhibits Sp] degradation argues that hSugl is 
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the predominant proteasomal ATPase responsible for Sp1 degra- 
dation. 

Regulation of transcription factor abundance by proteasome- 
dependent degradation is mmportant in the control of tran- 
scription and has been shown to play a role in the regulation of 
transcription factors that include c-Fos, c-Jun and p53 [40-42]. 
However, the controlling mechanism for the proteasome rec- 
ognition of transcription factors and the proteins involved in this 
recognition are not totally clear. Among the six ATPases in the 
26S proteasome Sugl has been most extensively shown to 
interact with transcription factors, although the functional role 
of this interaction has not been definitively elucidated. An 
intnguing possibility is that hSugl might co-operate in the 
targeting of certain types of transcription factors for proteasome 
degradation. There is precedence for this idea in E. coli. The 26 S 
proteasome resembles the E. coli protease CIpAP (also known as 
Tı) in its general organization and structure [5]. The ClpP 
protease cylinder is capped at both ends by a large regulatory 
ATPase complex, CIpA/CIpX. Interestingly, it has been shown 
that the ATPases CIpA and ClpX direct the substrate specificity 
for the CIpP protease to different proteins [43-45]. In yeast, 
mutations in the different regulatory ATPases of the proteasomes 
result in different phenotypes [21] and alter the degradation of 
different substrates [46]. This result has suggested that the 
ATPases co-operate in the degradation of individual substrates 
[21]. Similarly, the different ATPases in the mammalian 26 S 
proteasome may direct substrate recognition thereby providing 
an additional means of control of substrate specificity for the 
proteasome. There is some evidence supporting this idea. Human 
proteasomal S6 ATPase (and MS73 ATPase in Manduca Sexta) 
binds the ankyrin repeats present in a set of proteasome substrates 
and this interaction may complement ubiquitination as rec- 
ognition signal by the 26 S proteasome [47]. For Sug] it has been 
Shown that this proteasomal ATPase is predominantly located in 
the nucleus, while the proteasome 1s distributed in both the 
cytoplasm and the nucleus [32,48]. Sugl interacts with c-Fos [25] 
and also appears to be involved in the degradation of the vitamin 
D nuclear receptor [49]. The present study clearly shows that 
hSugl is also required for the proteasomal degradation of another 
transcription factor, Sp]. However, whether hSugl participates 
in the recognition of certain types of transcription factors by the 
proteasome and whether there is a common structural motif in 
these proteins recognized by hSugl remains to be elucidated. 

Previously we have identified an N-terminal domain of Spl 
that targets its proteasome-dependent degradation. Elimination 
of this target domain impairs Spl degradation and stabilizes the 
protem Our preliminary results indicate that hSugl does not 
interact with this target domain of Sp! (results not shown). We 
have also shown that increased modification of proteins by O- 
GIcNAc is associated with SpI stabilization [4] and that nuclear 
extract from glucosamine-treated cells fails to degrade recom- 


binant Sp1 [33]. However, hSugl is not modified by O-GlcNAc . 


even in cells that had been treated with glucosamine, and hSugl 
cannot restore the activity of the proteasomes derived from 
glucosamine-treated cells. This evidence suggests that hSugl is 
not the unique factor that links the O-GlcNAc state of the cell 
with Spl stability and targets Spl for degradation. Rather, it 
appears that Spl degradation results from the co-operation of 
other proteasome factors that require Sug]. We propose that 
this other factor directly recognizes the N-terminal target of 
Spl in an O-GlcNAc-dependent fashion and co-operates with 
Sug! in the proteasomal degradation process. Collectively our 
results show that hSug] interacts with Spl through a region in 
the C-terminal half of hSugi and this interaction is required 
for the proteasome-dependent degradation of Sp1. These findings 
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provide more detail concerning the molecular interactions 
involved in the proteasomal degradation of Spl and shed light 
on the function of hSugl as a proteasomal component. 
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The voltage-dependent chloride channel (CLC) family of mem- 
brane proteins has cognates in animals, yeast, bacteria and 
plants, and chloride-channel activity has been assigned to most 
of the animal homologues. Lack of evidence of CLC functions in 
plants prompted us to characterize the cellular localization of the 
tobacco CLC-Nt1 protein. Specific polyclonal antibodies were 
raised against an N-terminal polypeptide of CLC-Ntl. These 
antibodies were used to probe membrane proteins prepared by 
various cell-fractionation methods. These included aqueous two- 
phase partitioning (for plasma membranes), free-flow electro- 
phoresis (for vacuolar and plasma membranes), intact vacuole 
isolation, Percoll-gradient centrifugation (for plastids and 
mitochondria) and stepped, linear, sucrose-density-gradient 


centrifugation (for mitochondria). Each purified membrane 
fraction was characterized with specific marker enzyme activities 
or antibodies. Our studies ruled out the possibility that the major 
cell localization of CLC-Nt] was the vacuolar or plasma mem- 
branes, the endoplasmic reticulum, the Golgi apparatus or the 
plastids. In contrast, we showed that the tobacco CLC-Ntl 
specifically co-localized with the markers of the mitochondrial 
inner membrane, cytochrome c oxidase and NAD9 protein 
CLC-Ntl may correspond to the inner membrane anion 
channel (‘IMAC’) described previously in animal and plant 
mitochondria. 


Key words: anion transport, membranes, mitochondria, plant 
cell, voltage-dependent chloride channels. 





INTRODUCTION 


The voltage-dependent chloride channel (CLC) family, with 
members in bacteria, yeast, animals and plants, defines a large 
class of structurally related membrane proteins with putative 
chloride channel activities [1]. Eukaryotic CLCs can be distri- 
buted into three homology subfamilies, with mammalian CLC- 
0, CLC-1, CLC-2, CLC-K1 and CLC-K2 defining the first 
branch. All five of these proteins have been shown to function as 
plasma membrane chloride channels and participate in distinct 
cellular functions, such as membrane excitability, regulation of 
cell volume and epithelial transport [1]. Animal CLC-3, CLC-4 
and CLC-5, together with yeast Geflp, define the second branch 
of the CLC family. Whereas CLC-3 encodes a plasma membrane 
volume-regulated chloride channel [2], CLC-5 and Geflp have 
been recently localized in intracellular membranes [3—5]. Geflp 
may provide an electrical shunt for Ht-ATPase in acidic vesicles 
of the late Golgi apparatus and thus participate in anion and 
cation homoeostasis in this compartment [3,6]. CLC-5 is pre- 
dominantly localized in endocytotic membranes, where it might 
play a role similar to that of Gef1p [4]. The two putative chloride 
channels, CLC-6 and CLC-7, from mammals, together with all 
the plant CLCs define the last branch of the family. The function 
of these putative chloride channels remains unknown, but 
CLC-6 was recently localized in the endoplasmic reticulum [7]. 

Whereas, in animals, several types of molecular chloride 
channels different from CLCs have been recognized, the CLC 


genes from tobacco (Nicotiana tabacum) [8] and Arabidopsis 
thaliana [9] represent the only known putative anion channel 
genes of plants. Heterologous expression of tobacco CLC-Ntl in 
Xenopus oocytes elicited inward chloride currents upon mem- 
brane hyperpolarization [8]. However, evidence for chloride- 
channel activity of plant CLCs in the native membrane is still 
lacking. These proteins may encode some of the various voltage- 
dependent anion channel activities which have been established 
in plant cell membranes [10,11]. Because of its critical physio- 
logical role and because it is easily amenable to patch-clamp 
analysis, the plant plasma membrane has been the object of most 
studies. However, anion channels have also been reported in 
internal membranes, such as the tonoplast, which delimits the 
large central vacuole, and in mitochondrial and plastid mem- 
branes [10,11]. 

Lack of evidence of CLC functions in plants prompted us to 
characterize the cellular localization of the tobacco CLC-Ntl 
protein. Specific antibodies were raised against the protein and 
used to probe membrane fractions purified using various cell- 
fractionation methods. These studies showed that CLC-Nt1 co- 
localized with markers of the mitochondrial membrane. 


EXPERIMENTAL 
Plant materials 


Tobacco (Nicotiana tabacum cv. Xanthi; wild-type clone 
XHFD8) plants were grown in a greenhouse at 22°C with a 


Abbreviations used: CLC, voltage-dependent chloride channel, DHFR, dihydrofolate reductase; IMAC, inner membrane anion channel, N1, 53- 


amino-acid N-terminal polypeptide of CLC-Ntt 
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photoperiod of 9 h of light/day for vegetative development and 
of 16 h for flowering induction. Tobacco (N. tabacum cv. Xantht) 
suspension-cultured cells were maintained in B5 Gamborg 
medium containing 1 yM 2,4-dichlorophenoxyacetic acid and 
60 nM kinetin in the light at 26 °C, and were transferred to fresh 
medium every 7 days. Exponentially growing cells were used 4—5 
days after transfer 


Proteln expression in Escherichia coli and antibody production 


A fusion protein between the rat dihydrofolate reductase 
(DHFR) and a 53-amino-acid N-terminal polypeptide of CLC- 
Nti (Met'-Gin*?) (N1) was produced using a Qiagen expression 
system (Les Ulis, France). Briefly, a DNA fragment encoding N1 
was generated by PCR with appropriate oligonucleotides as 
primers and CLC-Ntl cDNA as template. This fragment was 
cloned in a pQE30 plasmid (Qiagen), downstream and in-frame 
of the His, motif. A 561-bp cDNA fragment encoding rat DHFR 
was then inserted in-frame between the His, motif and the CLC 
fragment of the plasmid. M15 (pREP4) bacteria were trans- 
formed with the resulting pQE30-DHFR-NI plasmid. For pro- 
duction of the fusion protein, bacteria were grown to a D,,, of 
0 8 and induced by 2 mM isopropyl £-p-thiogalactopyranoside 
for 5h. Proteins were then extracted and purified by affinity 
chromatography on a metal-chelation resin charged with Ni?* 
under denaturing conditions, as described in the Qiagen in- 
struction manual. Approx. 20 mg of fuston protein per litre of 
culture was usually obtained. 

Two rabbits were immunized with 1 mg of fusion protein 1n 
complete Freund’s adjuvant, injected subcutaneously Three 
booster injections were administered at 4-week intervals with the 
same amount of protein but in incomplete Freund's adjuvant. 
Blood samples were collected 10 days after each boost, kept at 
room temperature for 8h and then centrifuged at 1000 g for 
15 min. The serum was collected and stored at —80 °C. For 
immunopurification of antibodies, the antigenic fusion protein 
was coupled in anhydrous conditions to Affi-Gel 10 beads (Bio- 
Rad, Hercules, CA, U.S.A.). Briefly, 500 ug of DHFR fusion 
protein solubilized in DMSO was added to 0.5 ml of activated 
beads and reaction was carried out for 2 h at room temperature. 
Unreacted groups were blocked with 50 ul of 1 M ethanolamine, 
pH 8, and the beads were washed and equilibrated with 10 mM 
Tris/HCl, pH 7.5. Antiserum (1 ml) was heated at 56°C for 
30 min and cleared by centrifugation at 10000 g for 5 min. The 
serum was then diluted 5-fold in 10 mM Tris/HCl, pH 7.5, and 
added to the pre-equilibrated affinity beads. The beads were 
maintained for 1 h at room temperature to allow binding of the 
antibodies. The beads were then transferred to a chromatography 
column and washed successively with 10 mM Tris/HCl, pH 7.5, 
and with 500 mM NaCl/10 mM Tris/HCl, pH 7.5. The specific 
antibodies were eluted first with 100 mM glycine buffer, pH 2.5, 
followed by 100 mM tnethylamine buffer, pH 11.5. The eluted 
antibody fractions were combined and dialysed against PBS. 


Membrane purification 


A microsomal membrane fraction was prepared from suspension 
cells or leaves, as described by Mathieu et al. [12]. Membranes 
from suspension cells were further separated by free-flow electro- 
phoresis as described previously [13]. A plasma-membrane- 
enriched fraction was purified from leaf microsomes by aqueous 
two-phase partitioning as described by Ephritikhine et al. [14]. 
Vacuoles were purified according to Hófte et al. [15] from 
tobacco mesophyll protoplasts [16] Plastids were isolated 
from tobacco leaves by a three-step Percoll gradient according to 
the method of Douce and Joyard [17]. Mitochondria were isolated 
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from tobacco leaves on a self-generating gradient of Percoll 
(28%) in combination with a linear gradient of polyvinyl- 
pyrrolidone (0-10%) and a linear gradient of raffinose (0— 
300 mM) according to Douce et al [18]. For organelle membrane 
purification, vacuoles, plastids and mitochondria were lysed by a 
hypo-osmotic treatment, collected by centrifugation at 100000 g 
for 30 min and resuspended in 300 mM sucrose, 9 mM KCl, 
5 mM dithiothreitol, 10 mM -Mes/Tris, pH 6. Marker enzyme 
assays were performed as described previously [19]. 

A fractionation procedure for tobacco leaf membranes by 
linear sucrose gradient centrifugation was adapted from that of 
Chaumont et al. [20], and 1s briefly described. Leaves (30 g) were 
homogenized in a blender in 150 ml of 330 mM sucrose, 50 mM 
Tris/HCl, 0.2% (w/v) BSA, 0.04% (v/v) 2-mercaptoethanol, 
pH 8.0, filtered through sieves (pore sizes 500 um and 56 um) 
and the homogenate was centrifuged at 3000 g for Smin The 
supernatant was then centrifuged for 25 min at 25000 g and the 
pellet was resuspended in 1 ml of 400 mM mannitol, 10 mM 
potassium phosphate buffer, pH 7.2. The suspension was layered 
on to a linear sucrose gradient [25-50 % (w/w) sucrose m 50 mM 
KCl, 10mM Tris/HCl, pH 7.5] and centrifuged for 16h at 
30000 g. Membrane fractions of 500 ul were removed, washed 
in 50 mM KCl, 10 mM Tris/HCl, pH 7.5, and centrifuged at 
100000 g for 30 min. 


Immunoblot analysis 


Proteins were resolved by SDS/PAGE (10 % gel) and blotted on 
to PVDF membranes (Millipore, Bedford, MA, U.S.A.). The 
membranes, blocked with TBST [250mM NaCl, 0.1% (v/v) 
Tween 20, 50 mM Tns/HCL, pH 7.6] containing 7.5 % (w/v) fat- 
free milk powder, were incubated overnight at room temperature 
in TBST, with the appropriate dilutions of serum or purified 
antibodies. After two washes with TBST, secondary antibodies 
(goat anti-rabbit IgGs coupled to alkaline phosphatase con- 
jugate, BioRad) (1:2000 dilution in TBST) were added and the 
membrane was incubated for 1h at room temperature. After 
washing, the antigen—antibody complex was detected by colour 
development with 5-bromo-4-chloro-3-indolyl phosphate (2.5 %, 
w/v)-and Nitro Blue Tetrazolium (5%, w/v). Rabbit antisera 
anti-NAD9 (mitochondrial marker) and anti-E37 (plastid 
marker) were kindly provided by Dr J.-M. Grienenberger 
(CNRS, Strasbourg, France) and Dr J. Joyard (CEA, Grenoble, 
France) respectively. The polyclonal antibodies directed against 
a tobacco plasma membrane H*-ATPase and the E subunit of a 
barley vacuolar Ht-ATPase were a gift from Professor Marc 
Boutry (University of Louvain-la-Neuve, Belgium) and Dr 
K -J Dietz (University of Würzburg, Germany) respectively. 


RESULTS 
Production and characterization of the antiserum 


Antibodies were raised against a fusion protein between rat 
DHFR and N1. To reduce the background signal observed with 
both preimmune and immune sera (results not shown), antibodies 
were affinity-purified using the DHFR-NI fusion. As shown in 
Figure 1(À), the purified antibodies recognized a single band at 
70 kDa, whereas the preimmune purified serum did not react 
with any microsomal-protein. This indicates that the 70-kDa 
signal was specifically related to the DHFR-NI antigens. 

The antibodies, however, may recognize a plant protein 
immunologically related to rat DHFR. To check for this possi- 
bility, the antibodies were pretreated with an excess of recom- 
binant DHFR protein. As shown in Figure 1(B), DHFR pre- 
adsorption completely abolished the reactivity of the DHFR-NI 


Cell localization of a putative plant voltage-dependent chloride channel 293 


A B DHFR 

Pretreated 

kDa 1 2 tt es 

or oc 

ES LL 

104.0— E + Ir 

82.0— kDa Guo =o 6 
48.3— 
33.4 — 
28.3— 





Figure 1  Specificity of polyclonal antibodies raised against CLC-Nt1 
polypeptide 


(A) Immunoblot analysis of microsomal membrane proteins (10 yg) from suspension cells 
using an affinity-purified preimmune (1) or immune (2) serum raised against CLC-Nt1. (B) 
Immunoblot analysis of microsomal membrane proteins (m) (20 4g), DHFR—N1 (10 ng) or 
DHFR (10 ng) using affinity-purified antibodies raised against CLC-NIT. Where indicated, 
antibodies preabsorbed with 10 xg of DHFR were used as primary antibodies (DHFR 
Pretreated) 
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Figure 2 Immunoblot analysis of free-flow electrophoresis membrane 
fractions 


(A) Microsomal proteins (m) and pooled membrane fractions (A—F) purified trom tobacco cells 
by free-flow electrophoresis (10 wg of protein per lane) were probed with affinity-purified 
antibodies raised against CLC-Nt1. (B) Corresponding free-flow electrophoresis profile, as 
determined by absorbance at 280 nm. The letters A—F indicate the positions of the pooled 
fractions 


antibodies to DHFR protein, whereas the reactivity to the 
DHFR-NI fusion protein and to the 70-kDa microsomal protein 
was unchanged. This result indicates that antibodies to DHFR- 
NI detected a membrane protein immunologically related to 
the NI fragment of CLC-Ntl, and that the 70-kDa protein 
revealed in immunoblot experiments is very likely to be the 
tobacco CLC-Ntl protein. A signal at 70 kDa did not exactly 
match the calculated molecular mass of CLC-Nt1 (84.7 kDa). but 
abnormal electrophoretic mobility of many membrane proteins, 
for example renal CLC-K1 [21] has been reported. 
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Figure 3 Immunoblot analysis of fractions enriched in tonoplast, mito- 


chondrial, plastidial and plasma membranes 


Microsomal proteins (m), plasma membrane (PM), tonoplast (T), mitochondrial membrane (M) 
and plastid membrane (P) fractions were probed with affinity-purified antibodies raised against 
CLC-Nt1. Equal amounts of proteins (10 zeg) were loaded on to each lane. The proteins were 
also probed with antibodies raised against a M. plumbaginifolia plasma membrane H* -ATPase 
(PM-ATPase), the subunit E of barley vacuolar H^-ATPase (TpP31), the wheat mitochondrial 
protein Nad9 (Nad9) and the spinach chloroplast protein E37 (E37). The large signal with a 
weak intensity, observed in the tonoplast, is not specific and corresponds to the major protein 
of this extract, as observed after Coomassie Blue staining (results not shown) 


Biochemical subcellular localization of CLC-Nt1 proteins 


In plants, the activity of voltage-dependent anion channels has 
been generally characterized in the vacuolar (tonoplast) and 
plasma membranes. Because CLCs are obvious candidates for 
these activities, we first searched for a putative localization of 
CLC-Ntl in these two membranes. Membrane vesicles from 
tobacco suspension cells were fractionated by free-flow electro- 
phoresis and characterized using the antibodies raised against 
CLC-Ntl. Figure 2 shows that the signals specific for the protein 
were reduced in the least and most electronegative membrane 
fractions. These fractions have been shown to be being specifically 
enriched in plasma membrane and tonoplast respectively [13]. In 
contrast, strong signals were detected in the central fractions, 
which contained most of the internal cellular membranes. Plasma 
membrane and tonoplast were also prepared from tobacco leaves 
by two independent procedures, aqueous two-phase partitioning 
and intact vacuole purification. As shown in Figure 3, a faint 
signal was obtained with CLC-Ntl antibodies in a crude micro- 
somal fraction, but no specific signal could be detected in the 
corresponding plasma membrane and tonoplast fractions. Yet. 
the enhancement of signals obtained in the plasma membrane 
and the tonoplast fractions with antibodies raised to a tobacco 
plasma membrane H '- ATPase [22] or the subunit E of a barley 
vacuolar H'-ATPase [23] demonstrates the efficiency of our 
purification. procedures. Altogether. these data indicate that 
CLC-Ntl proteins are most likely not localized in the plasma 
membrane or in the tonoplast of tobacco cells. 

In preliminary experiments, we observed that the immuno- 
detection of the CLC-Nt1 signal was very pronounced in a 
1000-10000 g fraction (results not shown). This fraction is 
typically enriched in mitochondria and plastids and, indeed, 
anion channels have been reported in these two organelles [10]. 
To investigate these findings, mitochondria and plastids were 
prepared from tobacco leaves by centrifugation on Percoll 
gradients. To evaluate the efficiency of Percoll-gradient sep- 
aration, the mitochondria- and plastid-enriched fractions were 
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Table 1 Purity of mitochondria purified from tobacco leaves by Percoll 
centrifugation 


A 1000-10000 g fraction was prepared from a tobacco leaf homogenate, as described in the 
Experimental section, and was used to isolate mitochondria by Percoll centrifugation. Enzyme 
marker activities (means + S.E.M.) specific for mitochondria (cytochrome c oxidase; umol/min 
per mg of protein), endoplasmic reticulum (NADH cytochrome c reductase; ~moi/min per mg 
of protein) and Golgi apparatus (latent UDPase and latent IDPase; zemol/h per mg of protein) 
were measured at each step of the purification procedure. Numbers of replicates are shown 
in parentheses. ND, not detected. The enrichment in enzyme marker activities obtained after 
Percoll centrifugation (purified mitochondria/1000—10000 g fraction) is indicated in the 
last column. 
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Figure 4 immunoblot analysis of membranes fractionated by sucrose- 


gradient centrifugation 


(A) Sucrose-gradient membrane fractions (20 wg of protein/lane) were probed with affinity- 
purified antibodies raised against CLO-Nt1 or with antibodies raised against the wheat 
mitochondrial Nad9. Fractions were numbered from the bottom of the gradient. Asterisks 
alongside fractions 11—15 indicate a faint CLO-Nt1 signal. (B) Percentage sucrose concentration 
(w/w) ot the corresponding fractions. (C) Protein concentration was estimated by the Bradford 
technique [34]. Cytochrome c oxidase activity (% of maximum value) was measured using 2 4g 
of each membrane fraction. 


characterized by marker antibodies, which included antibodies 
raised against spinach chloroplast protein E37 [24] and wheat 
mitochondrial protein Nad9 [25]. The purity of the mitochondrial 
fraction was also estimated using enzyme markers specific for 
the inner mitochondrial membrane (cytochrome c oxidase), the 
endoplasmic reticulum (cytochrome c reductase) and the Golgi 
apparatus (latent UDPase and IDPase) (Table 1). As shown in 
Figure 3, no signal was observed after immunoblot analysis of 
the plastid fraction with the CLC-Nt1 antibodies. In contrast, the 
mitochondrial fraction was strongly enriched in proteins im- 
munologically related to CLC-Ntl. Consistent with our puri- 
fication procedure, we found that the mitochondrial fraction was 
strongly enriched in Nad9 marker (Figure 3) and cytochrome c 
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oxidase activity (Table 1). A 6- to 7-fold increase in the latter 
activity during mitochondrial purification was consistently par- 
alleled by a 8- to [1-fold increase in the CLC-Nt1 immunoblot 
signal. The contamination of the mitochondrial fraction. by 
plasma membrane, tonoplast (Figure 3) or Golgi membranes 
(Table 1) was very low and was barely detectable. In contrast, a 
significant level of cytochrome c reductase was measured in the 
mitochondrial fraction. However, this endoplasmic reticulum 
marker was depleted nearly 2-fold after Percoll centrifugation, 
whereas the immunodetection of CLC-Nt] was enhanced. The 
mitochondrial fraction was also labelled by the chloroplast 
marker antibodies. However, the CLC-Nti antibodies gave a 
strong signal in the mitochondrial fraction but not in the plastid 
fraction, indicating that the channel protein was not localized in 
this fraction. Altogether, these results support the idea that, 
in tobacco leaves, CLC-Ntl is not localized in plastids or in any 
compartment of the secretory pathway, but rather in mito- 
chondria. 

To ensure that the signal for CLC-NtI in purified mitochondria 
was not due to a contamination by yet another cellular mem- 
brane, we used equilibrium linear sucrose-gradient centrifugation 
(25-50 95, w/w) as a distinct method for fractionation of tobacco 
leaf membranes. The antibodies raised against CLC-Nt1 showed 
a typical signal at 70 kDa, with a major peak in fractions 1—5 
(50-42 ©, sucrose) and a minor peak in less dense fractions 11-15 
(36-32 94 sucrose) (Figure 4). Cytochrome c oxidase activity and 
Nad9 protein, two markers of the inner mitochondrial membrane, 
also exhibited a consistent bimodal separation profile. These two 
peaks are characteristic of mitochondrial membranes [20]. Precise 
comparison of CLC-Ntl, cytochrome c oxidase and Nad9 
showed slight differences between the three profiles, in particular 
in the position and intensity of the second peak. This result might 
indicate small differences in the populations of vesicles 
harbouring the three proteins. 

The localzation of CLC-Ntl in tobacco cells was also 
investigated by immunogold electron microscopy. The number 
of gold particles remained very low, because of the low 
abundance of the CLC-NtI proteins and/or a loss of antigenicity 
after chemical fixation. Nevertheless, CLC-Nt1 antibodies speci- 
fically labelled mitochondria in suspension cells and in a crude 
1000-10000 g leaf fraction (results not shown). This result 
confirms that the signal obtained in the immunoblot analvses 
of mitochondria-enriched fractions was indeed associated with 
mitochondrial membranes. 


DISCUSSION 


In contrast with their animal counterparts, little is known about 
the functions of plant CLCs. The anion currents observed after 
expression of CLC-Ntl in Xenopus oocytes did not provide any 
obvious parallel to the various anion channels described in the 
plasma membrane and internal membranes of plant cells [8]. 
Also, it has been suggested that these currents may reflect 
activation of endogenous currents [8,26]. Yeast has a unique CLC 
homologue (Geflp). and functional complementation of a Geflp 
null strain (ge/7) has been used to evaluate the function of 
Arabidopsis CLCs (AtCLCs) [9]. However, the gef7 phenotype is 
multifactorial and could be rescued to various extents by distinct 
AtCLCs. For example, AtCLC-d complemented both the iron- 
dependent respiratory and pH-sensitive growth phenotypes of 
gefl, whereas AtCLC-c rescued only the latter deficiency [3]. 
CLC-0, a Torpedo plasma membrane channel involved in the 
electric organ excitability, also complemented Geflp function in 
the Golgi apparatus [3]. These results show that the veast 
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complementation assay does not allow a definitive conclusion on 
the cellular localization and function of animal and plant CLCs. 

To determine the cellular localization of CLC-Ntl, and thus 
get some idea of its function, we raised antibodies against an N- 
terminal polypeptide of the protein. The antibodies were used to 
probe various plant membrane fractions and consistently identi- 
fied a 70-kDa protein immunologically related to CLC-Ntl 
antigens. The use of independent membrane purification pro- 
cedures allowed us to establish that CLC-Nt1 was not localized 
in the plasma membrane or in the tonoplast. These data are 
consistent with the report by Hechenberger et al. [9], who showed 
that the staining patterns of AtCLC-GFP (green fluorescent 
protein) chimeric constructs in yeast were intracellular and did 
not match the position of the vacuole. In the present work, we 
show more specifically that the CLC-Ntl protein co-localizes 
with two mitochondrial membrane markers, the Nad9 protein 
and cytochrome c oxidase activity. This conclusion is reliant on 
the preparation of highly purified mitochondria by Percoll 
centrifugation. The extensive characterization of this preparation 
showed that the enhanced CLC-Nt1 signal observed in this 
fraction cannot be explained by contamination with plasma, 
vacuolar, plastid, endoplasmic reticulum or Golgi membranes. 
Similarly to the two mitochondrial markers, CLC-Ntl also 
exhibited a typical bimodal separation profile after sucrose- 
gradient centrifugation. The localization of CLC-Nt1 was con- 
firmed in suspension cells and in a crude leaf fraction by faint but 
specific immunogold labelling of mitochondna with the CLC- 
Nt] antibodies. 

The localization and/or function of CLCs in the intracellular 
membranes of yeast or animal cells has been unambiguously 
established by several groups [3—5,7]. Yet, the localization of 
tobacco CLC-Nt1 in the mitochondrial fraction remains unique, 
because this compartment does not directly derive from the 
cell secretory pathway. Similar cases have been reported for 
Shaker-like K* channels and porin-like voltage-dependent 
anion channels, where members of the same molecular family 
show very distinct cellular distributions with some members in 
the secretory pathway and others in mitochondria [27,28]. The 
unexpected localization of CLC-Nt1 in mitochondria now raises 
specific questions concerning the post-translational import of the 
protein into this compartment. The N-terminal region of CLC- 
Nti does not show any transit-peptide signature, but several 
inner membrane proteins, including the recently identified plant 
uncoupling proteins [29], do not contain any cleavable peptide 
extension. 

The outer mitochondrial membrane harbours large conduc- 
tance voltage-dependent anion channels (VDAC) encoded by 
porin-like channel proteins [30]. Anion transport in mitochondria 
is thus primarily limited by a specific pathway in the inner 
membrane, referred to as the inner membrane anion channel 
(IMAC) [31]. This pathway has been detected in the mitochondria 
of animals [31] and plant species, such as potato [32] and tobacco 
(C. Lurin and C. Maurel, unpublished work), by means of a 
classical mitochondrial-swelling assay. Patch-clamp experiments 
also revealed a voltage-gated 108-pS chloride channel in the 
inner mitochondrial membrane of several animal cell types, and 
this activity has been tentatively associated with IMAC per- 
meability [33]. The molecular identity and the cellular functions 
of these channels remains unknown and the results of the present 
study lead to the idea that CLC-Nt1 maybe a candidate for these 
activities in tobacco. The CLC-Nt1I gene may thus provide a 
unique molecular tool to study the putative role of mitochondrial 
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anion transport in the regulation of mitochondrial volume and in 
the control of membrane electrical potential. 
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Chicken Y-box proteins chk-YB-1b and chk-YB-2 repress translation by 
sequence-specific interaction with single-stranded RNA 
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Department of Molecular Microbiology and Immunology, School of Medicine, University of Missourl-Columbla, Columbia, MO 65212, U S.A. 


Y-Box proteins comprise a large family of multifunctional 
proteins with a wide spectrum of activities in both transcription 
and translational regulation of gene expression. Earlier, we have 
reported on the involvement of chk-YB-2 in transcriptional 
regulation of Rous sarcoma virus long terminal repeats and the 
involvement of chk-YB-Ib in transcriptional regulation of 
alphal(I) collagen genes. Here, we have investigated the potential 
role of chk- Y B-2 and chk-Y B-1b in RNA metabolism We report 
that chk-Y B-2 and chk-YB-1b are localized predominantly in the 
cytoplasm and that they both can bind single-stranded RNA in 
a sequence-specific and reversible manner. Well-conserved cold- 


INTRODUCTION 


Several proteins are known to bind RNA in a non-specific 
and/or highly sequence-specific manner and influence properties 
such as stability and availability of RNA for translation in the 
cytoplasm [1-7]. These RNA-binding proteins belong to several 
different multigene families. Among them, Y-box proteins have 
emerged recently as an important family of multifunctional 
proteins. They are involved in regulation of transcription of a 
number of genes in several systems [8] and also ın the regulation 
of stability and translatability of specific transcripts [1,6,9—16]. 
Y-Box proteins have been shown to be predominantly cyto- 
plasmic and are usually complexed with different mRNA 
molecules as 50-60 S messenger ribonucleoprotein (mRNP) 
particles [16]. Repression of translation seems to be the most 
common effect of over-expression of Y-box proteins in the 
cytoplasm [1,17,18]. In one report, however, Y-box proteins have 
been shown to be necessary for translation [19]. Recently, a Y- 
box protein called unr, which contains five repeats of cold-shock 
domain (CSD), was shown to be required for internal initiation 
of translation of human rhinovirus RNA [20]. In Xenopus 
oocytes, spermatocytes and early embryos, two Y-box proteins 
(FRGY1 and FRGY2) have been demonstrated to bind specific 
mRNA sequences and mask their translation [21]. However, 
these RNAs are released during the development of the embryo 
in a regulated manner in a later stage when there 1s a need for 
these proteins but active transcription has not yet begun [22]. A 
mouse Y-box protein, MSY-1, is known to be associated wes 
paternal RNA in spermatocytes [23]. 

Sequence comparison of RNA-binding proteins has eyed 
well-conserved domains that'are required for RNA binding. The 
X-ray crystal structures of some of these domains have: been 


shock domain, N-terminal proline-rich domain and the alter- 
nating clusters of acidic and basic amino acids located ın the C- 
terminal ends of these two proteins were all found to be necessary 
for their RNA-binding ability. Further, we demonstrate that 
these two proteins inhibit translation in vitro and that binding to 
RNA is required for this inhibition. The significance of these 
results is discussed. 


Key words: cold-shock domain, RNA-binding proteins, Rous 
sarcoma virus. 


worked out [24]. One such domain is the RNP1 motif, a relatively 
short stretch of about eight amino acids buried in the middle of 
the well-conserved CSD found in Y-box proteins [9,25]. Other 
motifs which can confer RNA-binding ability are (i) the arginine- 
rich motif found in the HIV Rev and Tat proteins and (ii) the 
RGG box, closely spaced repeats of arginine and glycine inter- 
spersed with aromatic residues. Interestingly, most Y-box 
proteins also have these motifs. In addition to an RNP1 motif 
within the N-terminal CSD, they contain alternating clusters of 
acidic and basic amino acids at their C-terminal ends. The 
relative contributions of these different domains to RNA-binding 
ability of many different Y-box proteins is less understood. Only 
in the case of Xenopus Y -box protein FRGY -2 it is proposed that 
the C-terminal charge zippers confer non-specific RNA binding 
while the CSD confers sequence specificity [13,26]. 

Previously, we have shown that an avian Y-box protein chk- 
YB-2 is important for transcription from the highly potent 
promoter of Rous sarcoma virus (RSV) long-terminal repeats 
(LTR) in avian cells [27,28]. In addition, we characterized the 
DNA-binding domain of chk-Y B-2 [29]. We also have presented 
evidence showing that another Y-box protein, chk-Y B-Ib, 1s 
involved in regulating the transcription of type-I collagen genes 
in several species [30,31]. Apart from the RNP1 motif found in 
the middle of the CSD, chk-YB-1b and chk-Y B-2 also have well- 
conserved arginine-rich motifs and the RGG repeats in the C- 
terminal charge zipper region [27,30], suggesting that these two 
proteins may also bind to RNA. In this report, we show that (i) 
chk-YB-1b and chk-YB-2 are localized predominantly in the 
cytoplasm of chicken embryo fibroblasts (CEFs), (ir) chk-Y B-1b 
and chk-YB-2 are capable of binding to single-stranded RNA 
oligonucleotides in a sequence-specific and reversible manner, 
(iu) both CSD and the C-terminal charge zippers are required for 


Abbreviations used. RSV, Rous sarcoma virus, LTR, long terminal repeats, CSD, cold-shock domain, mRNP, messenger nbonucleoprotein; CEF, 
chicken embryo fibroblast, EMSA, electrophoretic mobility shift assay, GFP, green fluorescent protein, TNT, coupled transcription and translation, 


MBP, maltose-binding protein 
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this RNA-binding activity of chk-YB-2; and (iv) binding inhibits 
translation of the bound RNA. 


MATERIALS AND METHODS 


Cell culture, preparation of proteins and electrophoretic mobility 
shift assays (EMSAs) 


CEF cells or RSV-infected CEF cells were grown as described 
previously [28]. Nuclear extracts and cytoplasmic extracts were 
prepared as described [32]. Each of these extracts (15 ug) was 
used in EMSAs. Fusion proteins maltose-binding protein (M BP)- 
chk-Y B-1b or MBP-chk-YB-2, or their deletion mutants, were 
expressed in Escherichia coli and partially purified using amylose 
columns as described in [28]. These proteins were run on 
SDS/PAGE gels to confirm their size. 

The sequences of oligonucleotides used in this study are 
presented in Table 1. All the oligonucleotides used were phospho- 
diester oligonucleotides with no modifications Double-stranded 
oligonucoeotides were prepared in the following way. Equimolar 
amounts of the constituent single-stranded oligonucleotide were 
mixed in 300 mM NaCl/10 mM Tris/1.0 mM EDTA (pH 8.0). 
This mix was heated to 95°C and cooled down gradually to 
room temperature. The annealing mix was then run on a 6% 
acrylamide preparative gel in TBE buffer (45 mM Tns/borate/1 
mM EDTA) and the double-stranded oligonucleotides were 
eluted from the gel. Oligodeoxyribonucleotides and oligoribo- 
nucleotides (Table 1) were obtained from commerical sources 
(Oligos, etc., Wilsonville, OR, U.S.A.) and radiolabelled on their 
5’ termini using polynucleotide kinase. EMSAs were performed 
as described previously [28]. Briefly, bacterially expressed pro- 
teins or nuclear extracts were incubated with approximately 
50000 c.p.m. (z 0.5 ng) of DNA or RNA oligonucleotides in a 
buffer containing 20 mM Hepes (pH 7.9), 3 mM MgCl,, 50 mM 
NaCl, 1 mM dithiothreitol, 2 ug of poly(dI-dC) and 10 % glycerol 
for 20 min and then run on 6% polyacrylamide gels in Tns/ 
glycine/EDTA buffer to separate the bound complex from the 
free oligonucleotides. Gels were dried and exposed to X-ray film 
for about 18 h. Competition assays were performed by incubating 
the proteins with the cold competitor oligonucleotides for 15 min 
before the addition of radiolabelled probe. 

Polyclonal antibodies against chk-YB-1b and chk-YB-2 were 
raised in mice, using bacterially expressed chk-Y B-1b or chk-Y B- 
2, which were purified as before [28]. We have tested them and 
found that anti-chk-Y B-1b and anti-chk-Y B-2 antibodies do not 
cross-react with each other (S. K. Swamynathan and R. V. 
Guntaka, unpublished work). Super-shift assays were performed 
by incubating the proteins with respective antibodies for 15 min 
at room temperature before addition of the radiolabelled probe. 


Table 1 Sequences of different oligonucleotides used 


Oligonucleotide Sequence 
E4C-1 DNA 5’-GGCACGATCGTACCACCTTAC-3’ 
F4C-1 RNA 5’-GGCACGAUCGUACCACTUUAC-3’ 
E4C-1-Mut RNA 5 -GGCACGAUCGGACCOCCUUAC-3^ 
E4-1 RNA 5’-GUAAGGUGGUACGAUCGUGGC-3’ 
E4-1 RNA—E4C-1 DNA heteroduplex 5’-GUAAGGUGGUACGAUCGUGCC-3’ 
3’-CATTCCACCATECTAGCACGG-5’ 
E4-1 DNA-E4C-1 RNA heteroduplex 5’-GTAAGGTGGTACGATCGTGCC-3” 
3’-CAUUCCACCAUGCUAGCACGG-5* 


RSV VP RNA 5’-ACGACUGAGCAGUCCACCCCAGGCGUGAUL-3’ 
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Construction of green fluorescent protein (GFP)-Y-box-protein 
fusion proteins and transfection 


Vectors expressing fusion proteins of chk-Y B-1b and chk-Y B-2 
with GFP under the influence of the RSV LTR promoter/ 
enhancer were constructed following standard methods, [33]. 
They were constructed such that the coding sequences of chk- 
YB-1 or chk-Y B-2 were inserted in-frame, in the BsrGI site at the 
3’-end of the EGFP (enhanced GFP) gene (the plasmid pEGFP 
containing EGFP was from Clontech, Palo Alto, CA, U.S.A.). 
Equal amounts (1.0 4g) of these plasmid DNAs were transfected 
into CEFs in the log phase of growth using lipofectAMINE, 
following the protocol suggested by the manufacturers (Gibco- 
BRL, Grand Island, NY, U.S.A.), as described previously [28]. 
After transfection (24 h), cells were observed under a fluorescence 
microscope and photographed. 


Coupled transcription and translation (TNT) reactions 


Translation reactions in vitro coupled to T7 polymerase-mediated 
transcription reactions (TNT reactions) were performed using 
the rabbit reticulocyte lysate TNT kit following the protocol 
suggested by the manufacturer (Promega, Madison, WI, U S.A.). 
The plasmid expressing pl9 Gag protein of RSV under the 
influence of T7 promoter was constructed by directional cloning 
of the PCR-amplified fragment of RSV genome encompassing 
nucleotides 1-844 in pBSSK +. TNT reactions were performed 
using *5S-methionine, following the manufacturer's protocol in 
a 25-ul volume. Fusion proteins MBP-chk-Y B-1b or MBP-chk- 
YB-2 were included in the reactions at the concentrations 
indicated in the Figure legends. Following incubation for 2 h at 
30 ?C, the reactions were stopped by boiling in 1 x SDS/PAGE 
sample buffer and the reaction products were separated on 
SDS/PAGE. The gels were dried and exposed to X-ray film for 
20 h. 


RESULTS 


Both chk-YB-1b and chk-YB-2 bind RNA in a sequence-specific 
manner 


Earlier, we studied in detail the interaction of chk-Y B-1b and 
chk-Y B-2 with single-stranded E4C-1 DNA having the sequence 
5’-GTACCACC-3’. Here, we report the results of our experi- 
ments with chk-Y B-1b and chk-Y B-2 proteins for their ability to 
interact with single-stranded RNA oligoribonucleotides in a 
sequence-specific manner. We performed EMSAs with P- 
labelled E4C-1 RNA and chk-YB-2 or chk-Y B-1b, as described 
in the Materials and methods section. The sequence of E4C-1 
RNA is shown in Table 1. This sequence 1s the same as that of 
E4C-1 DNA on the negative strand of RSV LTR (to which we 
have previously demonstrated a high-affinity binding of both 
chk-YB-2 and chk-YB-1b), except that ribonucleotides were 
used. We found that chk-YB-2 bound E4C-1 RNA with high 
affinity in a Mg**-dependent manner (Figure 1, top panel). 
Inclusion of 3 mM Mg?* stimulated RNA binding by chk-Y B-2. 
There was no further stimulation or inhibition in binding upon 
increasing the Mg** concentration up to 10 mM in the binding 
reaction (Figure 1, top panel). We obtained similar results with 
chk-Y B-1b also (results not shown). í 


chk-YB-2 and chk-YB-1b bind to RSV RNA within the leader 
region 
RSV is a simple retrovirus which expresses Gag, Pol, Env and Sre 


proteins. As the relevance of the above-demonstrated binding of 
chk-YB-1b and chk-YB-2 to E4C-1 RNA (which represents the 
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Figure 1  chk-YB-2 binds E4C-1 DNA, E4C-1 RNA and RSV ¥ RNA with 
equal affinity, in a Mg^ -dependent manner 


(Top pane!) Equal amounts (10 ng) of bacterially expressed chk-YB-2 were incubated with E4C 
1 RNA in the absence or presence of increasing amounts of Mo“ in the reaction, and EMSAs 
were performed as described. Note that bound complex formation is extremely dependent on 
the presence of Mg“ in the reaction. Similar results were obtained with chk-YB-1b (results not 
shown). (Middle panel) Increasing amounts of bacterially expressed MBP-chk-YB-2 fusion 
protein were incubated with E4C-1 DNA, E4C-1 RNA or RSV M^ RNA labelled to the same 
specific activity as described in the Materials and methods section. Note that the intensity of 
the bound complex is roughly the same in the three different kinds of probe, at any given 
concentration of chk-YB-2. (Bottom panel) Increasing amounts of unlabelled E4C-1 DNA, E4C- 
1 RNA or RSV V RNA as shown were used to compete with labelled E4C-1 DNA for binding 
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Figure 2 Sequence specificity of interaction of chk-YB-2 with E4C-1 RNA 


Similar amounts o! chk-YB-2 were incubated with (reading left to right on the Figure 
single-stranded E4C-1 RNA, single-stranded E4-1 RNA, double-stranded E4-1/E4C-1 RNA 
double-stranded heteroduplex F4-1 DNA/E4C-1 RNA or double-stranded heteroduplex E4-1 
RNA/E4C-1 DNA and the EMSAs were performed as described. Note that only single-stranded 
E4C-1 RNA was bound well by chk-YB-2. See Table 1 for the sequences of oligonucleotides 
used 


sequence on the non-coding strand of RSV LTR) is questionable, 
a search was made for similar sequence motifs in the RS\ 
genomic RNA that would serve as a potential binding site for 
chk-Y B-Ib and chk-Y B-2. We found that a site present within 
the RSV leader RNA (nucleotide positions 328-357, see Table 1) 
closely resembled the canonical single-stranded DNA sequence 
5-GTACCACC-3 present in the RSV LTR. with which both 
chk-Y B-Ib and chk-Y B-2 interact [27-30]. We synthesized an 
oligoribonucleotide RSV V  RNA representing the sequence ol 
RSV leader RNA, between nucleotides 328 and 357 and used in 
EMSAs with chk-Y B-1b or chk-Y B-2. We carried out EMSAs 
in which increasing amounts of chk-Y B-2 were incubated with 
E4C-1 DNA, E4C-1 RNA or RSV 'P RNA. which were labelled 
to the same specific activity (see Table | for sequences). As 
shown, chk-Y B-2 bound these three different oligonucleotides 
with equal affinity (Figure 1. middle panel) 

These results were confirmed further by competition experi- 
ments. Non-labelled E4C-1 DNA, E4C-1 RNA or RSV Y RNA 
oligonucleotides competed with equal efficiency with the labelled 
E4C-1 DNA oligonucleotides for binding to chk-Y B-2 (Figure |. 
bottom panel). Similar results were obtained with chk-Y B-1b 
(results not shown). 

In order to find out if this interaction of chk-Y B-2 and/or chk- 
Y B-Ib with RNA is sequence-specific, we investigated if chk- Y B- 
2 can interact with the purine-rich RNA sequence complementary 
to E4C-1 (5-GGTGGTAC-3) or the double-stranded RNA 
sequence representing this region. As shown in Figure 2, chk- 
Y B-2 binds only to the pyrimidine-rich single-stranded E4C-| 
RNA and not the purine-rich complementary strand E4-1 RNA 
or the double-stranded RNA E4-1/E4C-1. Since the genome ol 
RSV goes through a stage of RNA-DNA duplex in the host cell 
during its life cycle, it was important to test if chk-YB-2 is 
capable of binding different RNA-DNA heteroduplexes which. 
if found, will be of potential significance. However, we found 
that chk-Y B-2 bound RNA-DNA heteroduplexes with very low 








the same amount of chk-YB-2 (50 ng). Lane 1. free (unbound) E4C-1 DNA: lane 2, E4C-1 DNA 
bound with 50 ng o! chk-YB-2. As can be seen, E4C-1 DNA, E4C-1 RNA and RSV V^ RNA 
competed equally elficiently, indicating that the affinity of chk-YB-2 for the three competitor 
was the same 
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Figure 3 CSD is essential but not sufficient for RNA-binding activity of chk-YB-2 


E Di 


(Top panel) Equimolar amounts of bacterially expressed MBF 


lusion proteins of various deletion mutants of chk-YB-2 were incubated with same amounts of radiolabelled E4C-1 RNA and EMSAs 


performed as described. Note that only MBP-chk-YB-2 showed an ability to bind the E4C-1 RNA under the conditions used. None of its deletion mutants could bind the E4C-1 RNA, indicating 
that essentially all of the fulldength chk-YB-2 protein contributes to RNA binding. (Bottom panel) Presence of five repeats of eight amino acids in the C-terminus of chk-YB-2. Note that the positior 


of arginine moieties is fairly well conserved within these repeats 


affinity (Figure 2, lanes marked E4/E4C-1 and E4-1/E4C: see 
Table | for sequence) in contrast to its high-affinity binding with 
the single-stranded RNA (E4C-1 RNA, Figure 2). These results 
suggest that chk-Y B-2 binds with high affinity, only to single- 
stranded RNA or DNA in à sequence-specific manner but not to 
double-stranded DNA or double-stranded RNA or to RNA- 
DNA heteroduplexes. 


CSD is necessary but not sufficient for conferring RNA-binding 
ability on chk-YB-2 


We have shown previously that the CSD is necessary but not 
sufficient for conferring DNA-binding ability on chk- Y B-2 [29]. 
In this report, we have used the deletion mutants of chk-Y B-2 
described earlier [29] to locate the RNA-binding domain in chk- 
Y B-2. As can be seen, none of these mutant proteins was capable 
of binding to E4C-1 RNA, while the wild-type protein bound 
efficiently (Figure 3, top panel). It is interesting that the mutant 
containing the N-terminal 162 amino acids, which we have 
shown to be capable of interacting with DNA [29]. fails to bind 
RNA [MBP:-(1-162): Figure 3, top panel]. This suggests that the 
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domain required for binding RNA extends beyond the region 
required for interaction with DNA. Our results also show that 
the CSD is necessary but not sufficient for conferring RNA- 
binding ability on chk-YB-2 (Figure 3, top panel). An analysis 
of the amino acid sequence of chk-Y B-2 revealed the presence of 
five arginine-rich repeats. each containing eight amino acids, in 
the C-terminal half of the protein (Figure 3, bottom panel). Our 
results suggest that, in addition to the CSD, the presence of all of 
these repeats in the charge zipper is necessary for chk-Y B-2 to 
exhibit RNA-binding ability. 


The host factor interacting with E4C-1 RNA and RSV "I RNA is 
chk-YB-2 and is cytoplasmic 


All of the above experiments were performed with bacterially 
expressed, partially purified Y-box proteins. It was therefore 
important to demonstrate the corresponding activities in either 
the cytoplasm or the nucleus of the avian fibroblasts. Therefore 
we carried out EMSAs with cytoplasmic or nuclear extracts from 
CEF and radiolabelled RSV Y RNA. As expected, a complex 
was detected when cytoplasmic extract was used with radio- 
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labelled RSV Y RNA (Figure 4, top panel, lane 1), which could 
be competed out with 30-fold molar excess of unlabelled RSV ‘P 
RNA (Figure 4, top panel, lane 2). Higher amounts of non- 
specific RNA were required to compete out binding (Figure 4, 
top panel, lane 3). We did not observe the formation of any 
complex when similar amounts of nuclear extracts were used. 
This indicates that the complex seen in lane | (Figure 4. top 
panel) is the result of sequence-specific interaction of a cyto- 
plasmic factor with RSV V RNA. 

We then performed super-shift assays. using anti-chk-Y B-1b 
or anti-chk-Y B-2 antibodies to identify the cytoplasmic factor 
binding to the E4C-1 RNA. Our results show that anti-chk- Y B- 
2 antibodies either abolished the formation of the complex or 
caused a super-shift of the complex (Figure 4, bottom panel, lane 
3). Anti-chk-Y B-Ib antibodies did not have a similar effect on 
the complex formation (Figure 4, bottom panel. lane 4). These 
results therefore suggest that the cytoplasmic factor binding to 
the E4C-1 RNA is predominantly chk-Y B-2. We then confirmed 
the sequence specificity of this interaction by using a mutant 
E4C-1 RNA having changes. which when introduced in the E4C- 
| DNA had abolished binding [29]. Our results show that the 
cytoplasmic factor fails to bind the mutant E4C-1 RNA (Figure 
4, bottom panel, lanes 5-8). When RSV Y RNA was used in the 
binding reactions, we obtained essentially the same results as 
with E4C-1 RNA, again confirming that the cellular factor which 
interacts with the RSV ¥ region is predominantly chk-Y B-2 
(Figure 4, bottom panel. lanes 9-12). 


GFP-chk-YB-1b and GFP-chk-YB-2 fusion proteins are localized 
to the cytoplasm 


In order to confirm the cytoplasmic location of chk-Y B-2 and 
chk-Y B-1b. we constructed fusion proteins of chk-Y B-2 or chk- 
Y B-1b with GFP and expressed them under the influence of the 
RSV LTR in avian fibroblasts, by transient transfection. Flu- 
orescence microscopic analvsis indicated that GFP was present 
all over the cell in a diffuse manner (Figure 5A). In contrast, 
GFP-chk-Y B-2 fusion protein was localized predominantly in 
the cytoplasm (Figure SB) with very little in the nucleus. GFP- 
chk-Y B-1b was also localized in the cytoplasm, but its appearance 
is quite different from chk-Y B-2, as it is mainly found in discrete 
particles or in punctate form (Figure 5C). This punctate ap- 


pearance of GFP-chk-Y B-1b suggests that it probably is part of 


a large particulate complex, such as the 50-60 S mRNP storage 
particles that were documented earlier as containing homologues 
of YBI proteins [16.23]. In order to find out whether infection by 
RSV causes any changes in the distribution of these proteins, we 
repeated the same experiments with CEF cells transformed by 
the Prague A strain of RSV (gift of Dr. Martin Stoltzfus, 
University of lowa, lowa City, IA, U.S.A.). We did not see any 
significant differences in the patterns of subcellular localization 
of these Y-box proteins in RSV-transformed CEFs (Figures 
SD-SF). We have since confirmed the validity of using GFP 
fusion proteins to study subcellular localization of Y-box proteins 
by performing immunocytochemistry on CEFs and Prague / 
RSV-transformed CEFs using anti-chk-Y B-1b and anti-chk- Y B- 
2 antibodies (S. K. Swamynathan and R. V. Guntaka, unpub- 
lished work). 


chk-YB-1b and chk-YB-2 repress translation 


Our results showed that both chk-YB-1b and chk-YB-2 can 
interact with single-stranded RNA in a sequence-specific manner, 
so we were interested in understanding the functional significance 
of this interaction. Therefore, we performed translation reactions 
in vitro using the construct RSV 1-844. which produces the p19 
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Figure 4 Sequence-specific binding of RSV "^ RNA by the cytoplasmic 
factor chk-YB-2 


(Top panel) The cellular factor interacting with the RNA is cytoplasmic and the nature 
interaction is sequence-specitic. Lane 1, 15 jg of CEF cytoplasmic extract bound with 
radiolabelled RSV VV RNA. Lane 2, as lane 1, but with 30-fold molar excess of unlabelled RSV 
VV ANA as specific competitors. Lane 3, as lane 1, bul with 30-fold molar excess of a F4C 
1 mutant RNA competitor. Lanes 4—6 are the same as lanes 1—3 respectively, however, in these 
reactions, CEF nuclear extracts were used. (Bottom panel) Super-shilt experiments demonstrate 
that the cytoplasmic factor interacting with the RNA is chk-YB-2. Lanes 1, 5 and 9, free 
unbound RNA as indicated al the top of the Figure. Lanes 2, 6 and 10, respective 
oligoribonucleotides bound with 15 jeg of CEF cytoplasmic extracts. Lanes 3. 7 and 11, similar 
to lanes 2. 6 and 10. but with anti-chk-YB-2 polyclonal antibodies (1:30 final dilution). Lanes 
4. 8 and 12, similar to lanes 2, 6 and 10, but with anti-chk-YB-1b polyclonal antibodies (1.30 
final dilution), Note that the bound complex formation is observed only with either E4C-1 
RNA (lane 2) or RSV «P RNA (lane 10) but not with E4C-1-Mut RNA (lane 6). Also, only 
the anti-chk-YB-2 antibodies could super-shift or abolish the ‘formation of the bound 
complex (lanes 3 and 11), whereas anti-chk-YB-1b antibodies failed to demonstrate a similar 
effect (lanes 4 and 12) 
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Figure 5 Subcellular localization of chk-YB-1b and chk-YB-2 


Recombinant vectors expressing (i) GFP, (ii) GFP-chk-YB-2 fusion protein or (iii) GFP-chk-YB-1b fusion protein were constructed and transfected into CEF cells or RSV-transtormed CEF 
LOcaliZation oF these proteins was visualized using a fluorescence microscope after 4B h of recovery from transfectio A) GFI SEF cells. (B) GFP.chk-YR | FF pell C) GFP.chk-Y 
in CEF ce D) GFP in RSV-transtormed CEF cells. (E) GFP-chk-YB-2 in RSV-transformed CEF cells and (F) GFP-chk-YB-1b in RSV-transformed CEI 
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Gag protein of RSV when transcribed by T7 polymerase and 
translated in vitro using a rabbit reticulocyte extract system. This 
construct also contains the RSV 'Y sequence with which both 
chk-YB-ib and chk-YB-2 interact. TNT reactions in vitro in 
rabbit reticulocyte lysates showed a dose-dependent reduction 
in the amount of p19 Gag with either chk-YB-1b or chk-YB-2 
(Figure 6). 

We then asked whether binding to RNA is a prerequisite for 
repression of translation by Y-box proteins. We performed TNT 
reactions with different deletion mutants of chk-Y B-2, which we 
have shown to be incapable of binding RNA. As shown in Figure 
6(b), all the deletion mutants of chk-Y B-2, which are unable to 
bind RNA, are also incapable of repressing translation of p19 
Gag. Hence there 1s a perfect correlation between the ability of 
the Y-box proteins to bind RNA and their ability to repress 
translation. Therefore, this suggests that RNA binding is a 
prerequisite for Y-box-protein-mediated repression of trans- 
lation. 

Since transcription and translation reactions were coupled in 
the above experiments, we needed to ascertain that the observed 
reduction was due only to a reduced translation and not due to 
any reduction in the T7 polymerase-mediated transcription. 
Towards this, we performed transcription reactions in vitro using 
T7 RNA polymerase, in either the presence or absence of chk- 
YB-2 or chk-YB-1b. In these control reactions, no inhibitory 
effect of the Y-box proteins on T7 polymerase-mediated tran- 
scription was observed (results not shown). To confirm further 
the specificity of repression of translation by these Y -box proteins, 
we performed translations in vitro of total RNA from CEFs 
using rabbit reticulocyte lysates, either in the absence or presence 
of increasing amounts of chk-YB-2 or chk-YB-1b. We did not 
observe any general repression of translation in these reactions, 
as a result of inclusion of either chk-Y B-1b or chk-Y B-2 (results 
not shown). These results therefore suggest that chk-YB-1b and 
chk-Y B-2 are not general repressors of translation. 


DISCUSSION 


In this report, we have shown that (i) bacterially expressed chk- 
YB-1b and chk-YB-2 are capable of interacting with single- 
stranded RNA in a sequence-specific and Mg**-dependent 
manner, (ii) CSD is necessary but not sufficient for imparting 
RNA-binding ability to chk-Y B-2, (iii) both chk-Y B-1b and chk- 
YB-2 are localized in the cytoplasm, (iv) in the cytoplasmic 
extracts from CEFs, chk-Y B-2 is the predominant component of 
the E4C-1 RNA or RSV Y RNA-binding activity and (v) chk- 
YB-1b and chk-YB-2 inhibit translation in vitro in an RNA- 
binding-dependent manner. It is interesting to note that even 
though these two factors share a lot of homology and are both 
capable of binding E4C-1 and RSV Y RNA sequences in their 
bacterially expressed form, only chk-Y B-2 demonstrated binding 
RNA in the cytoplasmic extracts from CEFs. Further, even 
though the two proteins are localized in the cytoplasm, chk-Y B- 
Ib is punctate in nature while chk-Y B-2 is diffusely distributed 
all over the cytoplasm. 

Results presented in this report show that both chk-Y B-2 and 
chk-Y B-1b are capable of interacting with single-stranded RNA 
in a sequence-specific manner. The sequence specificity of this 
interaction is proved by the fact that these proteins fail to bind 
to the complementary purine-rich single-stranded RNA or the 
double-stranded RNA having the same sequence. A comparison 
of the RSV Y sequence and the E4C-1 sequence shows that the 
sequence 5’-GTACCACC-3’ is conserved among them. Pre- 
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viously, we have shown this sequence to be the primary rec- 
ognition motif for these Y-box proteins on the RSV LTR [28,29]. 
Interestingly, we found no difference in the affinity of interaction 
of these proteins with either RNÀ or DNA, although there was 
a difference in the chk-Y B-2 domain required for binding RNA 
as compared with DNA. 

EMSAs performed with the mutant proteins and E4C-1 RNA 
indicate that all the essential features of the protein chk-Y B-2, 
like the proline-rich N-terminal domain, the CSD and the C- 
terminal charge zipper, are required for a high-affinity binding of 
E4C-1 RNA. This contrasts with the requirement of only the N- 
terminal 162 amino acids of chk-Y B-2 for binding E4C-1 DNA 
[29]. An analysis of the structure of chk-YB-2 revealed the 
presence of five repeats of an eight-amino acid motif rich in 
arginine (Figure 3, bottom panel) Therefore, it appears as 
though these arginine-rich motifs and the RNP1 motif in the 
CSD co-operate to impart RNA-binding ability to chk-YB-2. 
Earlier it was suggested that the charge zippers in the C-terminal 
domain provide for non-specific interactions while the RNP1 
and the amino acids surrounding that domain impart a sequence- 
specific interaction with the RNA [13]. However, in the case of 
chk-YB-2, both these domains are required for the ability to bind 
RNA in a sequence-specific manner. Further, we do not see any 


: non-specific RNA binding by the full-length wild-type chk-YB- 


2, 1n contrast to FRGY2 [13]. 

It is believed that the translation-initiation sites in eukaryotic 
mRNAs are reached via a scanning mechanism by the ribosomes, 
which bind the mRNA at the 5' end [34]. In the genome of RSV, 
the sequence bound by Y-box proteins (nucleotides 328—357 in 
the leader) is located just upstream of the translation-initiation 
site at nucleotide 380. Therefore, it is possible that the Y-box 
proteins bound in this region pose a steric hindrance to the 
scanning of RNA for the initiation codon, by the bound 
ribosomes. However, we do not have direct evidence dem- 
onstrating this. We should, however, emphasize that inhibition 
of translation may not be mediated only through the RSV Y 
sequence described here. It is probable that additional sites such 
as the polypyrimidine motif at nucleotides 430—450 of RSV also 
may be bound by Y-box proteins. Therefore, different Y-box- 
protein-binding sites in this 1-844 RSV RNA have to be precisely 
mapped. These experiments are in progress. 

Several proteins are known to be multifunctional, influencing 
both transcription and translation [10,25,35]. One such example 
is Drosophila sex lethal (SXL), which 1s known to regulate both 
splicing and translation [36]. TFIIA 1s another protein which 
can bind both DNA and RNA, and can influence both tran- 
scription and translation of 5 S rRNÀ gene. Our results support 
the contention that Y-box proteins are multifunctional proteins 
and that the same regulatory protein can serve to control the 
expression of a protein at either the transcriptional or post- 
transcriptional stages, or both. This multifunctional capacity of 
Y-box proteins has been explained as an outcome of their 
variable distribution between nuclear and cytoplasmic compart- 
ments, as well as their ability to bind and stabilize or destabilize 
either single-stranded or double-stranded RNA and DNA [25]. 

The ability of chk-YB-1 and chk-YB-2 to bind RSV Y RNA 
raises important questions and interesting possibilities. In any 
retrovirus-infected cell, a fraction of the RNA transcripts is 
transported out of the nucleus in an unspliced form. The unspliced 
RNA in the cytoplasm is translated into Gag and Gag-Pol 
polyproteins. Further, a fraction of the unspliced RNA is 
encapsidated into virions [37,38]. In HIV, rev gene product 
is known to bind specific viral RNA sequence and help in 
stabilizing and export of the non-spliced RNA into the cyto- 
plasm [39,40], inhibiting its splicing [41] and translation [42]. 
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Tat is another HIV-encoded multifunctional protein that acts as 
an activator of transcription from the HIV LTR [43]. This 
protein (Tat) is also known to bind the HIV leader RNA, TAR 
[44]. Recently, it has been shown that the human YB1 interacts 
with TAR RNA as well as the viral protein Tat [45]. Simpler 
retroviruses such as RSV lack these accessory proteins and 
therefore need to rely on the cellular machinery for performing 
similar events in their life cycle. Results presented in this report 
have brought out a candidate protein in the host cell for such 
functions. Interestingly in this regard, a strong homology is 
known to exist between the HIV Tat protein RNA-binding 
domain and the YBI homologous Y-box protein dbpB [46]. 

In summary, we have shown here that the two chicken Y-box 
proteins we have studied are both localized predominantly 1n the 
cytoplasm, are capable of binding single-stranded RNA in a 
sequence-specific manner and inhibiting translation, and that the 
domains required for RNA binding include the CSD and the C- 
terminal charge zipper region. Taken together with our earlier 
report on the involvement of chk-YB-2 in transcriptional ac- 
tivation of RSV LTR [28], these results suggest that the Y-box 
proteins are involved in more than one stage of the life cycle of 
RSV in the host cells. How they achieve a balance between the 
two seemingly opposite functions of transcriptional activation 
and translational repression is still not clear and it should be 
intellectually rewarding to find out. 


We thank Dr David Pintel and Dr James Schwartz for a critical review of the 
manuscript and Karen Ehlert for excellent secretanal assistance. This work was 
supported by National Institutes of Health grant 1 RO1 CA54192. 


REFERENCES 


1 Sommerville, J. and Ladomery, M (1996) Masking of mRNA by Y-box proteins 
FASEB J 10, 435-443 

2 Sachs, A.B (1993) Messenger RNA degradation in eukaryotes Celi 74, 413—421 

3 Ross, J (1995) mRNA stability In mammalian cells. Microbiol Rev 69, 423—450 

4 Jacobson, A and Peltz, S W (1996) Interrelabonships of the pathways of mRNA 
decay and translation in eukaryotic cells Annu Rey Biochem 88, 693—739 

5 Paynton, B V (1998) RNA-binding proteins in mouse oocytes and embryos 
expression of genes encoding Y box, DEAD box RNA helicase, and polyA binding 
proteins Dev Genet 23, 285—298 

6 Sommerville, J (1999) Activities of cokd-shock domain proteins in translation control. 
Bioessays 21, 319—325 

7 Venables, J P and Eperon, | C. (1999) The roles of RNA-binding proteins in 
spermatogenesis and male infertility Curr Opin Genet Dev. 8, 346-354 

8  Swamynathan, S. K, Nambrar, A and Guntaka, R V. (1998) Role of single-stranded 
DNA regions and Y-box proteins in the transcriptional regulation of viral and cellular 
genes FASEB J 12, 515—522 

9 Wolffe, A P (1994) Structural and functional properties of the evolutionanly ancient 
Y-box family of nucleic acid binding proteins Bioessays 16, 245—251 

10 Wolffe, A P and Menc, F (1996) Coupling transcription to translation — a novel site 
for the regulation of eukaryotic gene expression int J Biochem Celi Biol 28, 
241—257 

11 Evdokimova, V M and Ovchinnikov, | P (1999) Translational regulation by Y-box 
transcription factor involvement of the major mRNA-associated protein, p50. int J 
Biochem Cell Biol 91, 139—149 

12 Ranjan, M, Tafur, S and Wolffe, A P (1993) Masking mRNA from translation in 
somatic cells Genes Dev 7, 1725-1736 

13 Bouvet, P, Matsumoto, K. and Wolffe, A. P (1995) Sequence-spacific RNA 
recognition by the Xenopus Y-box proteins J Bio! Chem 270, 28297—28303 

14 Murray, M T, Krohne, G and Frake, W W (1991) Different forms of soluble 
cytoplasmic mRNA binding proteins and particles In Xenopus laevis oocytes and 
embryos J Cell Biol 112, 1—11 

15 Deschamps, S, Viel, A, Gamgos, M, Denis, H and le Maire, M (1992) mRNP4, a 
major mRNA-binding protein from Xenopus oocytes is identical to transcnption factor 
FRG Y2* J Biol Chem 287, 13799-13802 

16 Evdokimova, V. M., Wel, C. L, Sitkov, A. S, Simonenko, P N., Lazarev, O A., 
Vasdenke, K S, Ustinov, V A, Hershey, J. W and Ovchinnikov, L P (1995) The 


© 2000 Biochemical Society 


17 


18 


2r 


28 


30 


31 


32 


41 


42 


major protein of messenger ribonucleoprotein particles in somatic cells is a member 
of the Y-box binding transcription factor family J Bilol Chem 270, 3186-3192 
Davydova, E. K, Evdokimova, V. M, Ovchinnikov, L P and Hershey, J W. B. (1997) 
Overexpression in cos cells of P50, the major core proteln associated with mRNA, 
results in translation inhibition Nucleic Acids Res 25, 2911-2916 

Yurkova, M S. and Murray, M T (1997) A translation regulatory particle contaming 
the Xenopus oocyte Y box protern MRNP3 +4. J Biol Chem 272, 10870—10876 
Evdokimova, V, Kovngina, E A, Nashchekin, D V., Davydova, E K, Hershey, J W 
B and Ovchinnikov, L O (1998) The major core protein of messenger 
nbonucleoprotein particles (p50) promotes initiation of biosynthesis w vitro J Biol. 
Chem 278, 3574-3581 

Hunt, S L, Hsuan, J J, Totty, N and Jackson, R J (1999) unr, a cellular 
cytoplasmic RNA-binding protein with five cokd-shock domains, is required for internal 
initlatian of translation of human rhinovirus RNA Genes Dev 13, 437—448 

Cohen, | and Reynolds, W F (1991) The Xenopus YB3 protein binds the B-box 
element of the class Ill promoter Nucleic Ácxis Res 19, 4753-4759 

Tafun, S T and Wolffe, A P (1993) Selective recruitment of masked maternal mRNA 
from messenger ribonucleoprotein particles containing FRGY2 (mRNPA) J Biol 
Chem 268, 24255-24261 

Tafun, S R, Familiar, M and Wolffe, A P (1993) A mouse Y-box protein, MSY-1 rs 
associated with paternal mRNA In spermatocytes J Biol Chem 268, 12213—12220 
Burd, C G and Dreyfuss, G (1994) Conserved structures and diversity of funchons 
of RNA binding proteins Science 265, 615—621 

Matsumoto, K and Wolffe, A P (1998) Gene regulation by Y-box proteins, coupling 
contro! of transcription and translation Trends Cell Biol. 8, 318—323 

Ladomery, M and Sommerville, J (1994) Binding of Y-box proteins to RNA 
involvement of different protein domains Nucleic Acids Res 22, 5582-5589 
Cleavinger, P. J, Shin, B A, Kandala, J C, Nambiar, A, Swamynathan, S K and 
Guntaka, R. V (1996) Cloning of Rous Sarcoma virus enhancer factor genes 1i, RSV- 
EF-lIl, abundantly expressed in fibroblasts and muscle tissue, binds to an octamer 
sequence, 5’-GTACCACC-3’ in the noncoding strand of RSV enhancer Virology 222, 
133-143 

Swamynathan, S K, Namblar, A and Guntaka, R V (1997) Chicken YB-2, a Y-box 
protein, is a potent activator of Rous sarcoma virus long terminal repeat-driven 
transcription in avian fibroblasts J Virol 71, 2873-2880 

Nambiar, A, Swamynathan, S K, Kandala, J C and Guntaka, R V (1998) 
Characterization of the DNA-binding domain of the avian Y-box protein, chkYB-2, and 
mutatlonal analysis of its single-strand binding motif in the RSV enhancer J Virol 
72, 900—909 

Kandala, J C and Guntaka, R V (1994) Cloning of Rous Sarcoma Virus enhancer 
factor genes. 1 Evidence that RSV-ET-I is related to Y-box (inverted CCAAT) binding 
proteins and binds to multiple mots in the RSV enhancer Virology 198, 514—523 
Dhaila, A, Rina, S, Swamynathan, S K, Weber, K T. and Guntaka, R V (1998) 
Chk-YB-1b, a Y-bax binding protein activates transcription from rat acd (I) procollagen 
gene promoter Biochem J. 336, 373-379 

Dignam, J D., Martin, P L, Shastry, B S and Roeder, R G (1983) Eukaryobc gene 
transenpton with purified components Methods Enzymol 101, 562—598 

Sambrook, J, Fntsch, E F and Maniatis, T (1989) Molecular Cloning a Laboratory 
Manual, Cold Spring Harbor Press, Cold Spring Harbor 

Kozak, M (1999) Initiation of translation in prokaryotes and eukaryotes Gene 234, 
187—208 

Ladomery, M. (1997) Multifunctional proteins suggest connections between 
transcriptional and posttransenptional processes. Bioessays 18, 903-909 

Gebauer, F, Merendino, L, Hentze, M W and Valcarcel, J (1997) Novel functions 
for nuclear factors in the cytoplasm — the sex-lethal paradigm Semin Cell Dev Biol. 
8, 561—556 

Banks, J D, Beemon, K and Limal, M (1997) RNA regulatory elements in the 
genomes of simple retroviruses. Semin Virol 8, 194—204 

Whittaker, G R. and Helenius, A (1998) Nuclear import and export of viruses and 
virus genomes Virology 248, 1—23 

Fischer, U, Huber, J, Rosens, W C., Matta, | W and Luhrmann, R. (1995) The 
HIV-1 Rev actvabon domain is a nuclear export signal thal accesses an export 
pathway used by specific cellular RNAs Cell 82, 475—483 

Malim, M H., Hauber, J, Le, S V, Marzal, J V and Cullen, B R (1989) The HIV-1 
rev trans-activator acts through a structured target sequence to activale nuclear 
axport of unspliced viral mRNA Nature (London) 338, 254—275 

Kjems, J and Sharp, P A (1993) The basic domain of Rev from human 
immunodeficiency virus type 1 specifically blocks the entry of U4U6—U5 small 
nuclear nbonucieoprotein in splicesome assembly J Virol 87, 4769-4776 
Cochrane, A, Jones, W K S, Beidas, S, Dillon, P J., Skalka, A M and Rosen, 

C A. (1991) Idanttication and charactenzation of intragenic sequences which repress 
human Immunodeficiency virus structural gene expression J Virol 85, 5305-5313 


43 


44 


Jeang, K T, Chang, Y, Berkhout, B, Hammarskjold, M. L. and Rekosh, D (1991) 
Regulation of HIV expression mechanisms of achon of Tat and Rev AIDS 5, 
$3~S14 

Churcher, M J, Lamont, C, Hamy, F, Dingwall, C, Green, $ M., Lowe, A. D, 
Butler, J G, Galt, M J and Kam, J (1993) High affinity binding of TAR RNA by the 
human immunodeficiency virus type-1 tat protein requires base-pairs in the RNA 
Stem and amino acid residues flanking the basic region J Mol Biol 238, 90-110 


Recerved 13 December 1999/7 March 2000, accepted 20 March 2000 


Chicken Y-box protein interaction with single-stranded RNA 


305 


45 Ansan, S A, Safak, M, Gallta, G L, Sawaya, B E, Amim, S and Khalili, K (1999) 


46 


Interaction of YB-1 with human Immunodeficiency virus type 1 Tat and TAR RNA 
modulates viral promoter activity J Gen Virol 80, 2629-2638 

Shen, Q. C, Wu, R, Leonard, J L. and Newburger, P D (1998) Identification 
and molecular cloning of a human selenocysteine Insertion sequence-binding 
protein a brfunchonal role for DNA-binding protein B. J. Bial Chem 273, 
5443-5446 


© 2000 Biochemical Society 


Biochem J (2000) 348, 307—313 (Pnnted in Great Britain) 


307 


Cholesterol decreases secretion of the secreted form of amyloid precursor 
protein by interfering with glycosylation in the protein secretory pathway 
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Cerebral deposits of -amyloid (fA) are a major feature in 
Alzheimer's disease. BA is derived from amyloid precursor 
protein (APP). APP is subject to N- and O-glycosylation and 
undergoes a series of proteolytic cleavages that lead to the release 
of BA or of a non-amyloidogenic secreted form of APP (APPs). 
We used primary neuronal and glial cultures to investigate how 
cholesterol affects the production and secretion of APPs. Ex- 
posure to cholesterol for 2 h did not change the neuronal release 
of APPs; after 6h APPs release was slightly lower, whereas 
24 h of exposure decreased APPs in the medium by approx. 60 95. 
The time courses were similar in astrocytes and microglia pre- 
parations. To verify whether the effect of cholesterol was a 
consequence of membrane ngidification we tested the activity of 
ganglioside GM1 and prion protein fragment PrP 106—126, 
which affect membrane fluidity similarly to cholesterol, on APPs 
secretion. Neither altered the production of APPs APP mRNA 


and the total amount of APP in the cells were slightly decreased 
by cholesterol after 2 and 24 h respectively. Immunoblot analysis 
of APP associated with neuronal cells and astrocytes indicated 
that cholesterol progressively decreased the glycosylated forms 
of the protein; a sumilar tendency was noted in cells treated 
with brefeldin À and monensin, two substances that interfere with 
protein glycosylation. The cell-surface biotinylation method 
showed that in cholesterol-treated cells APP reached the plasma 
membrane. Our results indicate that cholesterol decreases the 
secretion of APPs by interfering with APP maturation and 
inhibiting glycosylation of the protein; although APP 1s inserted 
in the membrane it is not cleaved by a-secretase. 


Key words: f-amyloid, Alzheimer's disease, primary tissue 
cultures. 





INTRODUCTION 


f-Amyloid (£A) 1s the major component of senile plaques and is 
deposited in cortical and meningeal blood vessels of the brain in 
Alzheimer's disease (AD). These features, together with tangles 
and cortical atrophy, are the neuropathological hallmarks of 
AD. JA derives from a larger transmembrane glycoprotein, the 
amyloid precursor protein (APP), with multiple isoforms 
generated by differential splicing of a gene that maps to human 
chromosome 21 and is highly conserved across the species [1,2]. 
Genetic and biochemical studies indicate a central role of fA in 
the pathogenesis of AD. Linkage studies have shown an as- 
sociation between APP gene mutations and some cases of familial 
early-onset AD [3], another genetic background associated with 
AD; mutated forms of presenihn 1 and 2 and the allele e4 of 
apolipoprotein E resulted in the increased production of BA. 
Neurotoxic effects of synthetic peptides with similar amino 
acid sequences as fA and its fragments have been described, and 
neurodegenerative transgenic mice carrying mutated human APP 
[4] or BA [5] have been bred. APP is subject to post-translational 
modifications, glycosylation, sulphation and phosphorylation 
along the intracellular protein secretory pathway. Cleavage of 
APP can occur through the amyloidogenic pathway, generating 
BA through f secretase cleavage, or through the non- 
amyloidogenic pathway, in which «-secretase cleaves the protein 
within the Af sequence (reviewed in [6]). Cleavage by a-secretase 
results in the release of a soluble N-terminal APP fragment 
[secreted form of APP (APPs)| and the retention of its C- 
terminus at the cell membrane [7]. BA is produced through the 


sequential action of f-secretase and 'y-secretase in the endosomal 
compartment and also in the endoplasmic reticulum or Golgi 
complex [8]. Soluble 8A and N-terminal f-APP are secreted by 
a vaniety of cells and have been found in human cerebrospinal 
fluid [9]. 

Biochemical, epidemiological and genetic aspects link chol- 
estero] levels and AD. Cholesterol intake is considered a risk 
factor not only in vascular dementia but also in AD [10,11]; the 
cholesterol-to-phospholipid ratio was 30% lower in the AD 
brain [12]. The e4 allele of apolipoprotein E, which increases the 
risk of developing the disease, is associated with higher cholesterol 
levels [13]. 

Several studies have investigated the relationship between 
cholesterol and APP metabolism. High cholesterol concen- 
trations decreased the release of APPs in HEK 293 cells trans- 
fected with APP human plasmid [14]; in fibroblasts, APPs 
secretion was inhibited by the application of a lower con- 
centration of cholesterol that might act on the plasma membrane 
[15]. JA production in transfected hippocampal cells was 
decreased by lovastatin and methyl-f#-cyclodextrin, treatments 
that deplete cholesterol [16]. We investigated the influence of 
cholesterol exposure on the physiological secretion of APPs in 
primary cultures: neurons, microglia and astrocytes. We identi- 
fied the cellular mechanism responsible for the decrease in 
secretion of APPs caused by cholesterol in all three cell types by 
several approaches. We determined the total APP expression and 
production after exposure to cholesterol, and the influence of 
cholesterol on the APP secretion pathway including the insertion 
of APP in plasma membrane. We also analysed the role of 


Abbreviations used fA, f-amyloid, APP, amyloid precursor protein, AD, Alzheimer's disease; APPs, secreted form of APP, DMEM, Dulbecco's 


modified Eagle's medium; FCS, fetal calf serum 
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membrane rigidification on the inhibition of APPs secretion by 
cholesterol. At the cellular level, we also investigated the influence 
of cholesterol on APP glycosylation. 


MATERIALS AND METHODS 
Materials 


The monoclonal anti-APP antibody 22C11, protease inhibitor 
cocktail tablets and the glycosidases N- and O-glycosidase were 
obtained from Boehringer Mannheim (Mannheim, Germany). 
Monoclonal antibody 6E10 was from Senetek PCL Gt Louis, 
MO, U.S.A.). Monoclonal anti-bioün antibody conjugated 
with agarose, anti-mouse IgG antibody conjugated with per- 
oxidase, water-soluble f-cyclodextrin-encapsulated cholesterol, 
monensin, brefeldin A, tunicamycin and neuraminidase were 
from Sigma (St Louis, MO, U.S.A.). Sulphosuccinimidobiotin 
was purchased from Pierce (Rockford, IL, U.S.A.). The enhanced 
chemiluminescence (ECL^) detection kit was from Amersham 
(Little Chalfont, Bucks, U.K.). Nitrocellulose was from 
Schleicher and Schuell (Dassel, Germany). Protein G-Sepharose 
was obtained from Pharmacia Biotech. 


Cell cultures 


For neuron cultures, brain tissue was removed from fetal rats at 
embryonic day 17. Cortical cells were dissociated in serum-free 
medium containing 0.1% trypsin (Difco) and 25 ug/ml deoxy- 
ribonuclease for 5 min at room temperature, plated in 24-well 
dishes (Falcon) precoated with poly-(p-lysine) (50 ug/ml) 
(Sigma) at 4x 10° cells per dish ın Eagle’s minimal essential 
medium (Gibco) supplemented with 10% (v/v) fetal calf serum 
(FCS) and 2 mM glutamine, then cultured at 37 °C in a water- 
saturated air/CO, (19:1) atmosphere. After 4 days m vitro, non- 
neuronal cell division was halted by exposure to 10 uM cytosine 
arabinoside The neuronal cell cultures are characterized else- 
where [17] 

Astrocytes and microglial cells were prepared from newborn 
rats or mice, as described previously [18]. Cells were grown in 
poly-(D-lysine)-coated Primaria (Falcon) dishes containing 
Dulbecco's modified Eagle's medium (DMEM, Sigma) supple- 
mented with 10% (v/v) FCS and 2 mM glutamine. Cultures 
were kept at 37 °C ın a humidified air/CO, (19:1) atmosphere. 
The medium was changed every 2 days. Astrocytes were harvested 
from primary mixed cultures by the method of Yao et al. [19]. 
After 10 days of culture, flasks containing mixed glial cultures 
were given fresh medium and placed on a shaker at 37 °C for 
12-16 h. After 30-60 min the medium was aspirated and replaced 
with fresh DMEM. The adherent cells (astrocytes) were then 
exposed for 5 min to 0.25 94 trypsin, followed by the addition of 
an equal volume of DMEM/10% (v/v) FCS. The suspension 
was centrifuged and the pellet was resuspended in medium 
containing 10% (v/v) FCS Cells were plated in 24-well dishes. 
The application of the complex of methyl-£-cyclodextrin and 
cholesterol as well as the other treatments with the various drugs 
were performed after 7 days of culturing of cells in a serum-free 
medium. 


Northern blot analysis 


Total cellular RNA was isolated according to the acid 
guanidinium/phenol/chloroform method [20]. RNA was 
separated on 1.2% agarose/formaldehyde gels and transferred 
to Nylon 66 filters (Gene Screen Plus; Dupont). The total APP 
mRNA probe was a 1.0 kb EcoRI fragment of a mouse cDNA 
clone representing the fA and proximal 3'-untranslocated 
portions of the APP mRNA. cDNA probes were labelled with a 
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randomly primed DNA labelling kit from Amersham and 
P1 PldCTP. The labelled probes were purified through a Sephadex 
650 column (Pharmacia) The membranes were hybridized to 
?*P-labelled specific probes. After exposure of blots to X-ray 
films at —80°C for the appropriate duration, densitometric 
analysis of autoradiograms was performed with an IBAS 2 image 
analyser (Zeiss) [21]. -Actin mRNA was used as an internal 
standard to normalize the expression of APP. 


Gel electrophoresis and Immunoblotting 


Cells were lysed in SDS/PAGE sample buffer. The cell lysates 
were centrifuged for 5 min at 10000 g and the supernatants were 
boiled at 95 °C. Extracellular medium was centrifuged at 15000 
g for 15min to remove the cellular debris. Proteins were 
precipitated in 50% (w/v) trichloroacetic acid and sodium 
deoxycholate (2 mg/ml), washed with acetone and solubilized in 
sample buffer, as described previously [22]. Equal amounts of 
protein were separated on 7.595 (w/v) polyacrylamide gels. 
Proteins were trasferred electrophoretically to nitrocellulose. 
Membranes were blocked by incubation in 5% (w/v) non-fat 
dried milk in PBS for 1h at room temperature. After being 
washed four times in PBS containing 0.1% (v/v) Tween 20 for 
30 min, membranes were incubated with primary antibody 
diluted in blocking buffer (1:100) for 1 h at room temperature. 
After. a further wash, the membranes were incubated with 
secondary antibody diluted in blocking buffer (1:500 anti-mouse 
IgG peroxidase conjugate, Sigma) for 1 h at room temperature, 
washed again four times for 25 min in PBS containing 0.1% 
Tween 20, then detected with the enhanced chemiluminescence 
system. The densitometric analysis of bands was calculated with 
an IBAS 2 image analyser (Zeiss). 

Immunoprecipitation was performed with monoclonal anti- 
bodies 6E10 and 22C11. Antibody 6E10 recognizes an epitope 
between residues 1 and 17 of £A sequence [23] and was used to 
precipitate x-APPs. Antibody 22C11 recognizes a region between 
residues 66 and 81 of APP [24]. In brief, after harvesting, samples 
of medium supplemented with a proteinase inhibitor cocktail 
were centrifuged for ] min at 1000 g to remove non-adherent 
cells and then at 15000 g for 10 min to remove other cell debris. 
Samples were preadsorbed on Protein G-Sepharose for 30 min 
at 4 °C and immunoprecipitated overnight at 4 °C ın the presence 
of specific antibody and Protein G-Sepharose. Precipitates were 
washed four times with PBS, boiled in Laemmli sample buffer 
and separated by SDS/PAGE [7.5% (w/v) gel]. 


Digestion with endoglycosidase and treatment with tunicamycin 


After removal of the culture medium, the cells were washed with 
PBS and lysed in PBS/0.5 95 (v/v) Triton-100 for 30 min at 4 °C 
in the presence of an EDTA-free protease inhibitor cocktail. 
Detergent-insoluble proteins were removed by centrifugation. 
Cell extracts (20 zl) were incubated at 37 °C for 18 h with 10 m- 
units/ml N- or O-glycosidase and 0.1 m-unit/ml neuraminidase. 
To control for non-specific degradation, parallel samples were 
incubated in the absence of enzymes. Samples were resuspended 
in 2 x Laemmli buffer, then boiled and analysed by SDS/PAGE 
[25]. Tunicamycin, which prevents the N-glycosylation of glyco- 
proteins, was added directly to the neurons overnight. 


Cel-surfaca blotinylation and detection of blotinylated APP 


Cortical neurons (10°, 5 days old) were cell-surface-biotinylated 
by incubation with 0.4 mg/ml sulphosuccinimidobiotin as de- 
scribed [26]. The reaction was stopped by washing the cells twice 
with Hepes buffer. Cells were harvested and lysed. Biotinylated 


Piaj 


proteins were precipitated with monoclonal anti-biotin-agarose ; 
samples were boiled in 25 4l of sample buffer. Immuno- 
precipitates were subjected to SDS/PAGE [7.5 % (w/v) gel] and 
electrotransferred to nitrocellulose. Biotinylated APP was 
detected with monoclonal antibody 22C11 by enhanced chemi- 
luminescence detection. 


RESULTS 


We evaluated the effect of cholesterol on the metabolism of APP 
by measuring APPs by immunoblotting in the media of rat 
neuronal, microglial and astroglial primary cultures. To favour 
the delivery of cholesterol to the cells, the compound was applied 
to the cultures in a complex with methyl-f-cyclodextrin, as 
described previously [14]. Figure 1(A) illustrates the dose- 
response pattern of the effect of cholesterol on APPs in neurons 
after 24h of exposure. APPs progressively decreased with 
cholesterol dosage, from 40% at 50 ug/ml to 70% at 1 mg/ml; 
at the latter concentration, neuronal viability was affected. A 
similar dose-response pattern occurred in astrocyte medium 
(Figure 1B), although at 50 ug/ml the decrease did not reach 
statistical significance. 
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Figure 1 Dose-response pattern of the effect of cholesterol on APPs 
secretion In neurons and gllal celts 


(A) Neuronal and (B) microgital ([ ]) and astroglial (^A) cells were exposed to cholesterol for 
24 h in serum-fres medium Cholesterol was complexed with cyclodextrin APPs was 
determined in the culture medium by Immunoblotting, the bands were quantified by 
densitometric analysis and expressed as percentages of the control group Results are 
means+S£M for eight determinations *P < 001 compared with control group (Dunnett's 
test) 


Cholesterol affects amylold precursor proteln metabolism 309 


3 


5 





APPs (% of contro! at 24 h) 
N o Co 
o o o 


o 








6 
Time (h) 


Figure 2 Time course of the effect of cholesterol on APPs secretion 


Neuronal (A), astroglial (B) and microglial (D) cells were exposed to cholesterol (50 ug/ml) 
(filled bars) for different durations In serum-free medium. Cholesterol was complexed with 
cyclodextrin APPs was determined in the culture medium by immunoblotting, the bands were 
quantrted by densitometric analysis and are expressed as percentages of the control group at 
24 h (open bars) Results are means-+SEM for eight determinations *P < 001 compared 
with control group (Dunnett’s test) 


Exposure of microglia to cholesterol markedly reduced APPs 
(80 95) 1n the medium, starting from 50 ng/ml cholesterol (Figure 
1B). At this dosage the effect was already at its plateau. We used 
50 ug/ml cholesterol for subsequent studies, because this con- 
centration was close to the physiological amount of free chol- 
esterol in interstitial fluid [27]. 

The time course of the effect of cholesterol (50 ug/ml) on 
APPs secretion in neuronal, microglial and astroglial cultures is 
shown in Figure 2. In the control condition the amount of APPs 
in the medium of neuronal cultures rose progressively with time. 
When the neurons were exposed to cholesterol, APPs in the 
medium ‘started to decrease from 6 h; however, this became 
statistically significant only after 24h of exposure (control 
100+3.3 %; cholesterol 35.2+4.1%; Figure 2A) The levels of 
APPs in the medium of astrocytes and microglia after 2 and 6h 
of exposure to cholesterol did not differ from controls, but in 
both conditions APPs secretion was significantly decreased after 
24 h (Figures 2B and 2C). However, in the microglial cultures 
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Figure 3 Effect of cholesterol on APP mRNA expression in neurons and 
gilal calls 


Neuronal (A), astrog!tal (B) and microglial (C) calls were exposed to cholesterol (50 g/ml) for 
different durations in a serum-free medium Cholesterol was complexed with cyclodextrin Total 
RNA was extracted from the cells and APP mRNA was determined by Northern blot analysis, 
f-actn mRNA was measured as an internal standard The autoradiographic signal was 
quantified by densitometric analysis (OD, attenuance) and normalized to the Aacin mRNA 
signal Results are means 3- S EM for four determinations. "P « 001 compared with control 
group (Dunnett's test). 


this inhibition was similar to that in the neurons (65 95), whereas 
in the astrocytes the effect was less intense (25 95 ; Figure 1B) To 
verify the influence of cholesterol on APP synthesis we used 
Northern blot analysis to determine the expression of APP 
mRNA after exposure of the cells to cholesterol for different 
periods (Figure 3). Cholesterol significantly decreased APP 
mRNA levels after 2h of exposure in all three cell types. 
However, at 6 and 24 h the APP mRNA m the cells was similar 
to that in controls, except for the 24 h treatment in astrocytes, in 
which APP mRNA was significantly increased (Figure 3B). 
Because cholesterol decreases membrane fluidity [28], it has 
been hypothesized that in other cell types [14,15] the inhibition 
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Figure 4 Effect of GM-1 on APPs secretion in neurons and gial celis 


Neuronal, microglial and astroglial cells were exposed to the ganglioside GM-1 (100 ug/m[) 
for 24h in a serum-free medium APPs was determined In the culture medium by 
unmunoblotting, the bands were quantified by densitometric analysis and are expressed as 
percentages of the controls Results are means +S E.M. for four or five determinations 


of APPs secretion by cholesterol was due to membrane 
rigidification. We investigated this possibility by using two 
substances that strongly decrease membrane fluidity. First, the 
cells were treated with GM-1 (100 ug/ml), a ganglioside that 
efficiently decreases the membrane microviscosity [29], for 24 h; 
APPs was measured in the culture media. No significant change 
in APPs secretion was observed in the media of the cells (Figure 
4). Similar results were obtained with prion protein fragment PrP 
106-126, which also induces a marked decrease in cellular 
membrane microviscosity in glial and neuronal cells [30] (results 
not shown). It is therefore unlikely that the inhibition of APPs 
secretion induced by cholesterol 1s a consequence of membrane 
rigidification. 

To evaluate the effect of cholesterol on total APP production 
we determined the intraneuronal content of APP by immunoblot, 
in comparison with APPs secreted into the medium. Figure 5(A) 
shows examples of immunoblots from media and neurons 
exposed to cholesterol for different durations. As in Figure 2(A), 
in the control medium the level of APPs increased progressively 
with time. No significant difference was observed between 
the cholesterol-treated cultures at 2 and 6 h whereas at 24 h the 
APPs signal was much weaker than in control or vehicle-treated 
(methyl-f-cyclodextrin) cells. Three bands characterized 
neuronal APP: the lower band, at approx. 100 kDa, was identified 
as the immature form of the protein; the other two, at 110 and 
125 kDa, were the mature forms. After 2h of exposure to 
cholesterol, the neuronal APP pattern was not altered but at 6h 
the higher-molecular-mass bands decreased and by 24 h they had 
almost completely disappeared. 

There was a significant decrease in APPs with brefeldin A 
(10 ng/ml) and monesin (10 uM), two treatments that prevent 
the proteins from maturing in the Golgi complex and endoplasmic 
reticulum [31,32]. With these treatments the bands for the mature 
forms of neuronal APP were strongly decreased after 16h 
exposure. These results were obtained with the antibody 22C11, 
which does not distinguish between æ- and f-secretase product 
[24], therefore to verify the separate contributions of œ- and f- 
APPs under our conditions, we used a specific antibody, 6E10, 
that recognized only the a-secretase product [23]. The media of 
neurons treated with vehicle or cholesterol (50 ng/ml) for 24h 
were immunoprecipitated with GEIO, to separate the a-APPs, 
and then with antibody 22C11 to identify the 4-APPs. An 
example of immunoblots with these preparations is shown in 
Figure 5(B): cholesterol strongly decreased the a-APPs signal 
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Figure 5 APP immunoblots of medium and cellular extracts from neurons 


(A) Neuronal cells were exposed to cholesterol (50 g/ml), #-cyclodextrin (1 mg/ml), brefeldin 
A (10 ug/mi) and monensin (10 aM} for different durations in a serum-free medium. Cell 
lysates (lower panel) and media (upper panel) were analysed by immunoblotting and APP was 
determined with antibody 22011. A clear decrease in APPs (108 kDa) was evident in the 
medium of cells treated with cholesterol for 24 h and with brefeldin A and monesin for 16 h 
whereas f-cyclodextrin did not change the secretion of APPs in comparison with the control. 
in the cell lysates, three bands corresponding to the different maturation states of APP (100, 
110 and 125 kDa) appeared in the control, At 6 h the treatment with cholesterol decreased, and 
at 24 h almost abolished, the signals corresponding to the glycosylated forms of APP, similar 
results were obtained with brefeldin A and monesin. (B) immunoblots from media of neurons 
exposed for 24 h to cholesterol (50 ug/ml) immunoprecipitated with antibody 6E10, which 
recognizes only a-APPs. A subsequent immunoprecipitation was performed with antibody 
22011 to determine the /J-APPs form in the cell media. Cholesterol strongly decreased the a- 
APPs signal, whereas #-APPs was only partly attenuated. The positions of molecular mass 
markers are indicated at the left. 


but only slightly attenuated the J-APPs band. Thus the decrease 
in APPs induced by cholesterol was due almost completely to the 
a-secretase metabolism. Because APP is a highly glycosylated 
membrane glycoprotein containing both N- and O-glycans, we 
evaluated the influence of digestion with N and O-endo- 
glycosidase, and the influence of neuraminidase, for comparison 
of these results with the effect of cholesterol. An example of an 
immunoblot from neuronal lysate treated for 18h with neur- 
aminidase (0.1 unit/ml), N-glycanase or O-glycanase (10 m- 
units/ml) is shown in Figure 6(A). Neuraminidase completely 
abolished the higher-molecular-mass APP band, whereas there 
was an increase in the signal intensity of the 110 kDa band. A 
different APP pattern was induced by N-glycanase, which also 
abolished the 125 kDa band but increased the intensity of the 
APP at the lowest molecular mass. An APP pattern similar to 
that observed with cholesterol treatment of the cells was found 
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Figure 6 Digestion of APP with endoglycosidase and treatment with 
tunicamycin 


(A) immunoblot from neuronal extracts treated overnight with neuraminidase (Ne, 0.1 unit/ml), 
N-glycosidase (N-g, 10 m-units/mi} and/or O-glycosidase (Og, 10 mrunits/mf). The 
endoglycosidase digestion significantly changed the APP pattern: in particular, the combination 
of O-glycosidase and neuraminidase decreased APP to a single band. (B) immunoblot from 
neurons treated overnight with tunicamycin (5—15 g/ml), a N-glycosylation inhibitor, which 
induced a APP pattern similar to that induced by N-glycosidase applied directly to the cellular 
extract. The positions of molecular mass markers are indicated at the left. 
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Figure 7 Ratio of mature to immature APP in neuronal cells exposed to 
cholesterol for different durations 


Cell lysates from neuronal cells exposed to cholesterol (50 ug/ml) (filled bars) for different 
durations were analysed by immunoblotting; APP was determined with antibody 22C11. The 
signais corresponding to the different bands (see Figure 5) were quantified by densitometric 
analysis and the ratios of the mature (110 and 125 kDa) to the immature (100 kDa) APP were 
calculated. "P < 0.01 compared with control group at 2 h (open bars) (Dunnett's test}. 


with the combination of neuraminidase and O-glycanase, which 
induced a complete shift of the APP signals to a single intense 
band at the lower molecular mass. As expected, the treatment 
with O-glycanase alone did not change the pattern of APP 
because its activity was inhibited by the presence of sialic acid 
groups. In addition, the treatment of the neurons overnight with 
tunicamycin, a classical inhibitor of N-glycosylation, induced an 
APP pattern similar to that observed with the cell lysate treated 
with N-glycase (Figure 6B). Thus the post-translational modi- 
fication of APP under our conditions was essentially due to the 
glycosylation of the protein that was inhibited by cholesterol 
exposure. 

The effect of cholesterol on the ratio between the signals of 
mature and immature APP in neuronal cells is quantified in 
Figure 7. After 2 h of exposure the ratio was unchanged, but 
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Figure 8  Cell-surface expression of APP in neuronal cells 


Neuronai celis were exposed to 50 ug/ml cholesterol, 10 ng/ml brefeldin A and 10 uM 
monensin, Cells were labelled with sulphosuccinimidobiotin as described in the Materials and 
methods section. The biotinylated proteins were immunoprecipitated with anti-biotin antibody. 
The precipitated APP proteins were subjected to SOS/PAGE and detected with antibody 22011. 
Abbreviations: APPm, mature APP; APPim, immature APP. The positions of molecular mass 
markers are indicated at the left. 


after 6 and 24 h it decreased markedly. Similar results were 
obtained in astrocytes (results not shown). Thus the inhibition of 
APPs secretion by cholesterol seemed to be the consequence 
of an intracellular effect on APP maturation. 

To verify whether the immature form of APP reached the 
membrane compartment, we measured APP inside the membrane 
by using the protein biotinylation technique. As shown in Figure 
8. biotinylation of cellular surface proteins identified the APP 
associated with the membrane. In the control condition the two 
post-translationally modified forms of APP reached the mem- 
brane, whereas only the immature form was found in the 
cholesterol-treated neurons. Interestingly, after treatment with 
brefeldine or monensin, no more mature APP reached the 
membrane but a small amount of immature APP was detected. 


DISCUSSION 


The influence of cholesterol on APP metabolism and fA pro- 
duction has been investigated in various experimental models 
[14-16,33-35]. Here we have shown that in primary cultures of 
neurons, astrocytes and microglia, exposure to cholesterol mark- 
ediv decreased APPs, this regulation appearing mainly at the 
post-translational level. 

Low concentrations of cholesterol significantly decreased the 
secretion of APPs, with an identical time course in all three cell 
types. Similar results were obtained by Racchi et al. [15] in COS 
cells: they showed a 75°, decrease in APPs secretion within 2h 
of exposure to low doses of cholesterol. The inhibition of APPs 
production was also observed by Bodovitz and Klein [14] in an 
HEK 293 cell line stably transfected with APP 770, although in 
that case extremely high cholesterol concentrations were used 
(0.6-2.4 mg/ml). These authors proposed that the inhibition of 
APPs secretion by cholesterol was due to a change in membrane 
fluidity that decreased the interaction of a-secretase with APP 
and consequently the x-secretase cleavage. At variance with 
previous data [15]. in the primary cultures cholesterol had a 
significant effect on APPs secretion only after 24 h of exposure 
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human interstitial fluid [27]. 

To verify the influence of membrane fluidity on a-secretase 
cleavage we measured APPs secretion after exposing the cells to 
substances that induce membrane rigidification. PrP 106-126 
and GM I, both of which induce robust membrane rigidification, 
did not alter the APPs secretion. Our data therefore indicate that 
the influence of cholesterol on a-secretase cleavage is unlikely to 
be a consequence of changes in cell membrane fluidity. In 
agreement with this, cholesterol’s effect on APPs was significant 
only after 24 h exposure, whereas the alteration of membrane 
fluidity was seen immediately. We used antibody 22€ 11, which 
recognizes the N-terminal portion of APP [24] and does not 
distinguish between the x- and f-secretase products. However, 
by using a different, specific, antibody we determined «- and p- 
APPs separately: the influence of cholesterol was essentially on 
a-secretase metabolism. 

We found that cholesterol inhibited the APP mRNA expression 
in all three cell types, although the effect was restricted to the first 
2 h of exposure, which might partly account for the decrease in 
APPs production. However, because the protein has a short half- 
life (20—30 min), the consequence of the decrease in mRNA levels 
on APP synthesis is presumably small. as confirmed by an 
immunoblotting analysis of total APP, which showed a slight 
decrease. 

APP maturation occurs through the Golgi complex and 
endoplasmic reticulum, where APP is N- and O-glycosylated [7]. 
as confirmed under our conditions with the digestion of APP with 
neuraminidase, N-glycase and O-glycase and the treatment 
with tunicamycin. By immunoblot analysis of the immature and 
mature forms of APP in the neurons (and astrocytes) after 
exposure to cholesterol, we have shown that cholesterol pro- 
gressively abolished APP maturation within 24h. The APP 
pattern after the exposure of the neurons to cholesterol was 
similar to that obtained by digestion with endoglycosidase; the 
decrease in APPs secretion by cholesterol is probably due to 
the effect on APP glycosylation. We used two substances 
to test this, monensin and brefeldin A, that act with different 
mechanisms on the Golgi complex and endoplasmic reticulum. 
interfering with protein maturation. Like cholesterol, both sub- 
stances inhibited APP maturation and decreased APPs secretion. 

These results therefore confirmed that primary post-trans- 
lational modifications of APP might cause the decrease in APPs. 
This is particularly interesting because it has been demonstrated 
that in neuronal cells a large percentage of intracellular AJ is 


translational changes in APP studied in platelets have been 
correlated with the severity of AD [39]. 

The molecular mechanism implicated in this effect is not 
known but. from previous investigations [40,41]. a direct in- 
teraction is possible between cholesterol and APP at the en- 
doplasmic reticulum or Golgi complex. In neurons these organ- 
elles are the site of the generation of fA 1-40 and 1-42 [38]. 
Furthermore. we show that, unlike with monensin and brefeldin 
A. most of the neuronal immature APP after treatment with 
cholesterol reached the cell membrane. Thus the non-glycosylated 
form of APP is inserted into the membrane but is not available 
for a-secretase cleavage. This is consistent with the observation 
that the principal determinants of x-secretase cleavage seem to be 
the conformation around the cleavage site [42], which is 
influenced by the state of maturation of APP. 

A decrease in APP secretion without changes in the cell- 
associated full-length APP was observed in the brain of APP 
transgenic mice treated with dietary cholesterol [33]. In contrast. 
Simons et al. [16] showed that cholesterol depletion decreased fA 


generation in hippocampal neurons infected with recombinant 
virus carrying APP. In this case the secretion of APPs was not 
modified. In the latter study, human APP processing was analysed 
in rat cells with only some hours of survival after infection [16]. 
Thus the genetic manipulation and the overexpression of APP 
might have caused some alterations in APP metabolism. Our 
results are based on a more ‘physiological’ approach, deter- 
mining the endogenous neuronal APP processing affected by low 
concentrations of cholesterol. Under similar conditions, Racchi 
et al. [15], using non-neuronal cells, obtained results similar to 
ours. 

In conclusion, we have shown that cholesterol decreased the 
secretion of APPs in glial and neuronal cells. In neurons this 
effect was associated with a slight decrease in APP mRNA 
expression and a substantial effect on protein maturation. As a 
consequence. of exposure to cholesterol, a large amount of 
immature APP. reached the cell membrane but was not available 
for cleavage, decreasing the production of APPs. Thus cholesterol 
affects APP processing and potentially increases the amylo- 
idogenic pathway producing Af peptide. This mechanism might 
involve cholesterol in the pathogenesis of AD, explaining the 
clinical evidence that high levels of cholesterol are also a risk 
factor in non-vascular dementia. 
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Oxalomalate, a competitive inhibitor of aconitase, modulates the 
RNA-binding activity of iron-regulatory proteins 
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We investigated the effect of oxalomalate (OMA, a-hydroxy-f- 
oxalosuccinic acid), a competitive inhibitor of aconitase, on the 
RNA-binding activity of the iron-regulatory proteins (IRP1 and 
IRP2) that contro! the post-transcriptional expression of various 
proteins involved in iron metabolism. The RNA-binding activity 
of IRP was evaluated by electrophoretic mobility-shift assay of 
cell lysates from 3T3-L1 mouse fibroblasts, SH-SY 5Y human cells 
and mouse livers incubated in vitro with OMA, with and 
without 2-mercaptoethanol (2-ME). Analogous experiments were 
performed in vivo by prolonged incubation (72 h) of 3T3-L 1 cells 
with OMA, and by injecting young mice with equimolar concen- 
trations of oxaloacetate and glyoxylate, which are the precursors 
of OMA synthesis. OMA remarkably decreased the binding 


activity of IRPI] and, when present, of IRP2, in all samples 
analysed. In addition, the recovery of IRPI by 2-ME in the 
presence of OMA was constantly lower versus control values. 
These findings suggest that the severe decrease in IRPI RNA- 
binding activity depends on: (i) linking of OMA to the active site 
of aconitase, which prevents the switch to IRP1 and explains 
resistance to the reducing agents, and (ii) possible interaction of 
OMA with some functional amino acid residues in IRP that are 
responsible for binding to the specific mRNA sequences involved 
in the regulation of iron metabolism. 


Key words: a-hydroxy-f-oxalosuccinic acid, iron metabolism, 
RNA-binding protein. 





INTRODUCTION 


Oxalomalate (OMA), a tricarboxylic acid (a-hydroxy-f-oxalo- 
succinic acid) formed in vitro and in vivo by condensation of 
oxaloacetate with glyoxylate, has long been known to be a 
powerful competitive inhibitor of aconitase [1—7]. This enzyme, 
which is required for the first step of the citric acid cycle, 
attracted renewed attention with the discovery of the structural 
identity between cytosolic aconitase and the iron-regulatory 
protein (IRP) 1. IRPI and a structurally related protein, IRP2, 
are RNA-binding proteins that, by binding to a different site of 
a stem-loop region of the iron-responsive element (IRE), control 
the post-transcriptional expression of proteins involved in iron 
metabolism (see [8-13] for reviews). 

Because OMA inhibits cytosolic aconitase, it is feasible that it 
also affects the IRE-binding activity of IRP1. A preliminary 
study showed that OMA added in vitro to lysates of a confluent 
culture of 3T3-L1 fibroblasts reduced the RNA-binding capacity 
of IRPI [14]. This finding suggested that OMA plays a role in 
the regulation of iron metabolism and raised questions about the 
mechanisms by which OMA could modify the IRE-binding 
activity of IRP1. In an attempt to clarify these issues, we have 
analysed in vitro the IRE-binding activity of IRP1 ın cell lysates 
of 3T3-L1 mouse fibroblasts, of SH-SYSY cells derived from 
human nervous tissue and of mouse liver, with and without 
OMA, under reducing and non-reducing conditions. We also 
performed experiments in vivo on 3T3-L1 fibroblasts cultured 
with OMA for different times, and on young mice treated with 
equimolar concentrations of oxaloacetate and glyoxylate, known 


to be precursors of OMA synthesis. OMA caused a remarkable 
decrease in the IRE-binding activity of IRP1 and, when present, 
of IRP2, which is reported to lack aconitase activity [15]. 


EXPERIMENTAL 
Cell cultures and treatment 


Low-passage-number mouse 3T3-L1 fibroblasts were grown in 
Dulbecco’s modified Eagle’s medium supplemented with 10% 
foetal bovine serum, penicillin (50 units/ml), streptomycin 
(50 ug/ml) and L-glutamine (2 mM). SH-SY5Y human neuro- 
blastoma cells were grown in Ham’s F12 nutrient mixture/Eagle’s 
minimal essential medium (1:1) supplemented with 10% foetal 
bovine serum, 1% non-essential amino acids, penicillin (50 
units/ml), streptomycin (50 ng/ml) and L-glutamine (1 mM). 
The cells were grown at 37 °C 1n a 5% CO, atmosphere. 

For studies on iron-repleted cells, confluent cultures of 3T3-L1 
cells were treated for 18 h with 20 ug/ml of ferric ammonium 
citrate. The chelation of intracellular 1ron was achieved on 18-h 
treatment with 100 4M desferrioxamine mesylate (Desferal; 
Ciba-Geigy, Varese, Italy). Oxalomalic acid trisodium salt was 
prepared as described 1n [2] or purchased from Sigma (St. Louis, 
MO, U.S.A.). Oxaloacetic acid and glyoxylic acid sodium salt 
were produced by Fluka Chemika (Buchs, Switzerland). 

For experiments im vivo, confluent cultures of 3T3-LI1 cells 
were incubated at 37 °C with 5mM OMA for 24, 48 and 72 h, 
after which RNA-protein complexes were evaluated by electro- 
phoretic mobility-shift assay (see below). 


Abbreviations used’ OMA, oxalomalic acid; IRP, iron-regulatory protein, IRE, iron-responsive element; Desferal, desferrioxamine mesylate, 2-ME, 2- 


mercaptoethanol 


1 To whom correspondence should be addressed (e-mail alfcolon@unina it) 
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Preparation of cytosolle extracts 


3T3-L1 and SH-SYS5Y cells were washed and scraped off with 
PBS containing 1 mM EDTA. To obtain cytosolic extracts, cells 
were lysed at 4 ?^C 1n lysis buffer containing 10 mM Hepes, pH 
7.5,3 mM MgCL, 40 mM KCI, 5 % glycerol, 1 mM dithiothreitol 
and 0.2% Nonidet P-40. After lysis, samples were diluted 3-fold 
with lysis buffer without Nonidet P-40. Nuclei and mitochondria 
were removed by centrifugation for 30 min at 100000 g in a 
Beckman L8-70 ultracentrifuge, and the supernatants were frozen 
in small aliquots at —80 °C. The protein concentration was 
determined by a Bio-Rad protein assay used according to the 
supplier's manual (Bio-Rad Laboratories, Milan, Italy). 


OMA treatment /n vitro 


Cytosolic lysates (5 ug) from 3T3-L] and SH-SY5Y cells and 
from mouse liver (see below) were incubated with various 
concentrations of OMA (0.5, 1, 2.5 and 5 mM) at the times 
indicated in each experiment. The reaction volume was adjusted 
to about 19 ul with lysis buffer with Nonidet P-40 diluted to 
0.07 95. In alternative reaction mixtures 295 2-mercaptoethanol 
(2-ME) was added 10 min after incubation with OMA. In all 
samples the binding reaction was started by the addition of 
0 2 ng of radiolabelled RNA, giving a final volume of 20 ul, and 
left for 30 min at room temperature (for further details see the 
section on electrophoretic mobility-shift assay, below). 


Treatment /n vive of mice and preparation of Hver extracts 


Male Swiss mice (Mario Negri Sud, Chieti, Italy) weighing about 
30-40 g were used. The mice were starved for 20 h (water ad 
libitum) and then injected subcutaneously with aliquots of a 
solution that yielded 92.6 mg of neutralized oxaloacetic acid and 
50.3 mg of sodium glyoxylate per 100 g of body weight. Other 
mice were injected with a half dose and the controls were injected 
with physiological solution. After 1 h all the mice were killed by 
CO, and the livers were removed, washed in physiological 
solution and 500 mg were homogenized at 4 °C 1n 2 ml of lysis 
buffer supplemented with 350 mM sucrose, 2.5 ng/ml leupeptin 
and 0.5mM PMSF. The homogenates were centrifuged at 
100000 g for 30 min at 4 °C ın a Beckman L8-70 ultracentrifuge 
and the supernatants were frozen in small aliquots at —80 °C. 
The protein concentration was determined by the Bio-Rad 
protein assay used according to the supplier's manual. 


Electrophoretic mobillty-shift assay 


Plasmid pSPT-fer, containing the sequence corresponding to the 
IRE of the H-chain of human ferritin mRNA, was kindly 
provided by Professor G. Cairo (University of Milan, Milan, 
Italy. This plasmid was linearized at the BamH1 site and 
transcribed in vitro with.T7 RNA polymerase (Promega, 
Madison, WI, U.S.A.). The transcription reaction was performed 
at 38.5 °C for 1 h with 200 ng of plasmid DNA in the presence 
of 50 «Ci of [a-* P]CTP (800 Ci/mmol; Amersham Corporation, 
Milan, Italy) and 0.5 mM ATP, GTP and UTP (Promega) in a 
20-ul reaction volume. The DNA template was digested with 10 
units of RNase-free DNase 1 for 10 min at 37 °C. Free nucleotides 
were removed on a Sephadex G-50 column (Boehnnger- 
Mannheim, Milan, Italy). 

For electrophoretic mobility-shift analysis, 5 ug of protein 
extracts were mixed with 0.2ng of in vitro-transcribed **P- 
labelled IRE RNA with or without unlabelled competitor RNA. 
The reaction was performed, as reported above, in lysis buffer 
with Nonidet P-40 adjusted to 0.07 %, in a final volume of 20 al 
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for 30 min at room temperature. Then, to degrade unbound 
probe, the reaction mixture was incubated with 1 unit of RNase 
T1 (Calbiochem, La Jolla, CA, U.S.A.) for 10 min, and non- 
specific RNA-protein interaction was displaced by the addition 
of 5 mg/ml heparin for 10 min. A 6% non-denaturing poly- 
acrylamide gel was pre-electrophoresed for 20 min at 200 V. 
Then, after the addition of 10 ul of loading buffer containing 
30 mM Tris/HCl, pH 7.5, 40 % sucrose and 0.2 95 Bromophenol 
Blue, the reaction mixtures were electrophoresed for 2 h at the 
same voltage. The dried gel was autoradiographed at —80 °C. 
The IRP-IRE complexes were quantified with a GS-700 imaging 
densitometer (B1o-Rad Laboratories). 


Cytosolic aconitase assay 


Cytosolic aconitase activity was determined on the liver lysates 
used for the mobility-shift assay, by monitoring the disap- 
pearance of cis-aconitate at 240 nm for 10 min [6,7] from a 
sample containing 0.2 mM cis-aconitate and 100 zg of protein in 
10 mM Hepes buffer, pH 7 5, in a final volume of 1 mi. 


RESULTS 


OMA modulates the IRE-binding activities of IRP1 in 3T3-L1 and 
SH-SY5Y cell fines and In mouse iver 


IRP1, a 98-kDa protein, possesses structural identity with 4Fe- 
4S cytosolic aconitase [16,17], and the mechanism of the switch 
from aconitase to IRP1 was clarified by experiments of sıte- 
directed mutagenesis that revealed the disassembling steps of the 
[4Fe-4S] cluster of cytosolic aconitase [18,19]. Consequently, it 
was found that the addition of iron to IRP1 restores aconitase 
activity, thus preventing RNA-binding, which implies that 
IRP1/aconitase plays a bifunctional role [20,21]. IRP2 shares 
61% amino acid identity with IRP1, a major difference being a 
73-amino acid insertion rich 1n cysteine residues [22,23], and it 
has a different pattern of tissue specificity and expression level 
[24]. 

Because OMA acts as an efficient competitive inhibitor of liver 
cytosolic aconitase [6], we predicted that OMA linked to the 
active site can affect the RNA-binding capacity of IRPI by 
preventing the aconitase/IRP]1 switch [14]. To verify this hy- 
pothesis, we investigated the effect in vitro of OMA on lysates 
obtained from mouse 3T3-L1 fibroblasts, from cells of human 
neural origin and from mouse livers. We also investigated the 
effect ın vivo both by incubating 3T3-L1 fibroblasts with OMA 
for a short period, and by treatiag young mice with appropriate 
doses of OMA precursors (see the Experimental section). Because 
the addition of high concentrations of reducing agents to cell 
extracts enhances IRP1 RNA-binding activity, thereby revealing 
the total *activatable' amounts of IRP1 [25], we compared the 
effect of OMA with and without 2 95 2-ME. In all samples tested, 
OMA greatly decreased the amount of IRP1 available for RNA 
binding (Figure 1). The experiments in which 2-ME was added 
after incubation with OMA showed that the recovered 'acti- 
vatable’ RNA-binding activity was always less than that re- 
covered without the inhibitor. This finding indicates that a 
fraction of the OMA added was tightly bound to the active site of 
aconitase and consequently less IRP1 was recovered by reduction. 
Finally, in the presence of OMA, 3T3-L1 cells unexpectedly 
showed a remarkable decrease 1n the signal corresponding to the 
RNA-binding activity of IRP2. 


The effect of OMA on IRP1 activity is dose- and time-dependent 


Because the results shown in Figure 1 demonstrated that the 
fraction of aconitase in which OMA 1s bound to the active site 
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Figure 1 Effect of OMA on the RNA-binding capacity of IRP1 in different experimental systems 


Protein extracts (5 seg) were incubated with 5 mM OMA for 10 min, then the RNA--protein binding reaction was started by the addition of 0.2 ng of "*P-labelled IRE probe (6 x 10° c.p.m.) with 
and without 2% 2-ME, as indicated. The autoradiogram shows the complexes corresponding to IRE-bound IRP1, and the residual unbound RNA probe (ree probe). In 313-L1 cells a faster-migrating 


band is present corresponding to IRE-bound IRP2. These data are typical of three experiments. 
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Figure 2 Dose-dependence of the effects of OMA on IRP activity 


Cytosolic extracts from mouse liver were treated for 10 min with increasing concentrations of 
OMA before the addition of "*P-labelled IRE probe. The IRE-IRP1 complexes were determined 
by electrophoretic mobility-shifl assay and quantified with an imaging densitometer. The relative 
activities are plotted as arbitrary units. 


cannot be recovered by 2-ME, we investigated the mechanism by 
which OMA might modify the residual *2-ME-activatable’ 
fraction of IRPI. We first determined the dose- and time- 
dependence of the effects exerted by OMA on the cytosolic 
extract from the liver of untreated mice. As shown in Figure 2, 
0.5 mM OMA significantly decreased the RNA-binding activity 
of IRPI and the effect increased with concentrations up to 
35 mM, at which point RNA-binding activity was negligible. 
Therefore, we used à 5 mM concentration of OMA in all the 
experiments described herein. 
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Figure 3 Time dependence of the effects of OMA on IRP activity 


Cytosolic extracts from mouse liver were incubated with 5 mM OMA for the times indicated and 
then treated or not with 2% 2-ME before the addition of P-labelled IRE probe. Lane 11 shows 
the IRE-IRP1 binding activity of the same cytosolic extract kept at room temperature for 60 min 
before addition of the probe. The IRE-IRP1 complexes were quantified by densitometry, The 
relative activities are plotted as arbitrary units. 


We next evaluated the time-dependence of the effect of OMA 
by incubating extracts at room temperature, with and without 
OMA, and by adding 2°, 2-ME at the end of incubation 
with OMA (Figure 3). IRP1 RNA-binding activity decreased very 


rapidly and practically disappeared between 15 and 60 min of 


OMA exposure. This effect was not due to protein degradation 
because after 60 min (Figure 3, lane 11) the IRP] binding 
capacity was not modified in the untreated sample. Moreover, 
the recovery of the binding activity of IRPI by 2-ME never 
reached the value of the control and decreased as the incubation 
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Figure 4 Effects in vitro ot OMA on IRP from iron-repleted and -depleted 
cells 


3T3-L1 cells were treated for 18 h with 20 ug/mi ferric ammonium citrate (lanes 5—8) or with 
100 4M Desterai (lanes 9-12) in comparison with untreated celis (lanes 1—4). The obtained 
cytosolic extracts were incubated with and without 5 mM OMA for 30 min at room temperature. 
Where indicated, 2% 2-ME was added before the addition of "P-labelled IRE probe, The 
IRP-IRE complexes were resolved by electrophoretic mobility-shifl assay and plotted as 
arbitrary units. 
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Figure 5 Effects in vivo of OMA 





time increased. This finding shows that the formation of the 
inhibitor-aconitase complex was time-dependent. 


OMA in vitro modulates the RNA-binding activity of IRP1 and of 
IRP2 from iron-repleted as well as from iron-depleted cells 


The RNA-binding activity of IRPI depends on the amount of 
iron available to the cell [8,9,21]. We analysed lysates of 3T3-L.1 
cells maintained in an iron-rich medium containing ferric am- 
monium citrate, and in an iron-depleted medium containing 
Desferal, a potent iron chelator. Also in the 3T3-L 1 cells, iron 
repletion and depletion provoked a decrease and an increase, 
respectively, in the RNA-binding capacity of IRPI and IRP2 
(Figure 4). As expected, the effect of OMA was much more 
evident in the iron-repleted than in the iron-depleted cells. It is 
noteworthy that, in the presence of an excess of iron, 2-ME was 
unable to restore IRP1, a finding that reinforces the concept of 
stability of the association between the inhibitor and the [4Fe-45] 
cluster. IRP2 was absent from lysates of iron-repleted cells 
because iron accelerates the turnover of the protein [26.27], but, 
when present as in the control and in iron-depleted cells, it 
decreased upon the addition of OMA. Interestingly, 2-ME 
restored the IRP2 activity in iron-depleted cells. Since IRP2 does 
not possess an [Fe-S] cluster, but has five cysteine residues in its 
specific 73-amino acid insertion [22.23], it is not unreasonable to 
predict that OMA might interfere also with IRP2 cysteine 
residues. 


OMA synthesized in vivo inhibits cytosolic aconitase activity and 
modulates the RNA-binding activity of IRP1 


Early experiments demonstrated that OMA synthesis occurs in 
rivo by the condensation of two cellular metabolites, namely 
oxaloacetate and glyoxylate [1,3.7]. In light of this finding, we 
investigated the effects of OMA in vivo both in the whole animal 


Meet, 


time ( min ) 


(A) Cytosolic extracts were prepared either from the livers of mice killed 1 h after injection of equimolar amounts of oxaloacetate pius glyoxylate (corresponding to = 2.5 mM OMA in lanes 2 
and 5, and a: 5 mM OMA in lanes 3 and 6), or from livers of mice injected with physiological solution (lanes 1 and 4). As indicated, 2% 2-ME was added before the reaction was started with 
the **P-labelled IRE probe. The IRE-IRP1 complexes were quantified by densitometry and reported in arbitrary units. (B) The aconitase assay was performed on 100 ug/mi cytosolic extract used 
for RNA mobility-shift assay. Aconitase activity was evaluated by monitoring the disappearance of cis-aconitate at 240 nm: [7], control; A. lower dose of OMA precursors (2.5 mM); @. higher 
dose of OMA precursors (5 mM). 
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Figure 6 Effects of OMA treatment on IRP1 and IRP2 RNA-binding activity in 3T3-L1 cells 


Contluent cultures of 3T3-L1 cells were grown with and without 5 mM OMA for the times indicated. Cytosolic extracts were incubated at room temperature with and without 2% 2-ME before the 
addition of **P-labelled IRE probe. Arrows indicate the positions of complexes IRE-IRP1 and IRE-IRP2. 


and on cultured 3T3-L 1 cells. In the first experiment we injected 
subcutaneously into young mice amounts of glyoxylate and 
oxaloacetate that approximately reproduced, in the whole body, 
the concentrations of 2.5 and 5 mM OMA used in vitro. Other 
mice injected with physiological solution served as controls. All 
animals were killed 1 h after the injection. Cytosolic extracts 
were prepared as described in the Experimental section. Aliquots 
of the same extracts were used to assay aconitase activity and the 
RNA-binding capacity of IRPI. The effect exerted by the newly 
synthesized OMA on IRP} RNA binding resulted in the dis- 
appearance of IRPI (Figure 5A). The addition of 2-ME con- 
firmed the difference in the recovery of IRPI activity between the 
control and treated mice (Figure 5A). As expected, cis-aconitate 
absorbance decreased in the liver of controls while it remained 
unchanged in the treated mice even in those given the lower 
concentration of OMA precursor (Figure 5B). This finding 
confirms that aconitase was completely inhibited. 

In the second experiment, confluent cultures of 3T3-L1 were 
treated with 5 mM OMA for the times indicated in Figure 6. In 
mobility-shift analyses of lysates, the effect of OMA became 
evident after 24 h and remained almost constant up to 72 h. The 
2-ME-induced recovery of IRPI was always lower versus 
controls, which confirms yet again that the OMA linked to the 
active site cannot be removed. IRP2 binding decreased up to 
72 h, more remarkably in OMA-treated cells. The addition of 2- 
ME did not restore IRP2 activity. These results demonstrate that 
OMA synthesized in vivo, or added to long-term cell cultures, 
possesses the same capacity to inhibit formation of the RNA-IRP 
complex as observed in vitro. 


DISCUSSION 


The results of our experiments show that the addition of OMA 
in vitro and in vivo to lysates from various sources leads to a 
constant decrease in the RNA-binding activity of IRPI and, 
surprisingly, also of IRP2, when present. Experiments with the 
reducing agent 2-ME, which in the presence of OMA only 
partially restored the RNA-binding capacity of IRP, confirm 
that a fraction of OMA is tightly fixed to the active site of 
aconitase. These findings agree with previous observations that 
aconitase substrates prevent full recovery of the binding activity 
promoted by 2-ME in different cell lines [19,21]. OMA decreased 
the binding of IRP to practically the same extent in iron-repleted 
cells, which are rich in aconitase, and in iron-depleted cells, rich 


in IRP] and IRP2. Interestingly, 2-ME only minimally restored 
IRP binding in iron-enriched cells compared with iron-depleted 
cells. This finding indicates that iron also increases the stability 
of the OMA complex with the [Fe-S] cluster. In all our exper- 
iments, OMA decreased the binding activity of IRP2; this 
suggests reactivity with a protein that lacks an [Fe-S] cluster. 
Therefore, OMA may also interact with IRP1, in which the [Fe- 
S] cluster of aconitase is disassembled. Consequently, OMA may 
prevent binding of IRP to IRE regions in two ways. One entails 
direct contact with the cluster: in this case OMA mimics the 
substrate with which it shares close structural analogy. The other 
is by decreasing the efficiency of the active components of IRP, 
ie. the amino acid residues cysteine, arginine and/or lysine 
[19,28], which are involved in the interaction with the mRNA 
IRE regions that control iron metabolism. 

We believe that, besides reacting with the [4Fe-4S] cluster, 
the highly negative-charged OMA might well interfere with 
the amino acid residues involved in IRE binding by impeding the 
post-transcriptional control exerted by IRP. This hypothesis is 
supported by the finding that the newly synthesized OMA in 
mouse livers, which inhibits aconitase activity in viro, promotes 
the decrease of RNA-binding capacity of IRPI. Moreover, in 
3T3-L 1 cells cultured with OMA, IRP2 also had a modulating 
effect on RNA-binding capacity, similar to IRPI, and a response 
to 2-ME at all times, analysed similarly to that observed in vitro. 
These results obtained in vive strongly support the earlier 
observation [14], obtained in vitro, that OMA, by modulating the 
activity of IRP] and IRP2, directly participates in the complex 
system of iron-metabolism regulation. In addition, the results in 
vivo also support the utility of OMA synthesis in living cells 
because, besides regulating the flux of the citric acid cycle, OMA 
appears to exert another important function in the regulation of 
mRNA expression in iron metabolism. 

In conclusion, the data presented shed new light on early 
reports of OMA synthesis in mammalian tissues [1,3,7]. The 
specific effect of OMA on the cytosolic and mitochondrial 
aconitase give a meaning to the presence of the cytosolic form of 
this enzyme, whose function in the cytoplasm is unknown. 
Moreover, our data suggest that OMA plays a role in the 
complex mechanism of iron-metabolism regulation. Since OMA 
precursors also lead to the synthesis of OMA in animal tissues, 
events occurring in mitochondria, such as interruption of the 
citric acid cycle, may be correlated with cytosolic events, such as 
translational control of specific mRNA. 
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The activity of ascorbate peroxidase (APX) has been studied 
with H40, and various reducing substrates. The activity decreased 
in the order pyrogallol > ascorbate > guaiacol > 2,2’-azino-bis- 
(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS). The inactiva- 
tion of APX with H,O, as the sole substrate was studied. The 
number of H,O, molecules required for maximal inactivation of 
the enzyme was determined as approx. 2.5. Enzymic activity 
of approx 20% of the original remained at the end of the 
inactivation process (1.e. approx. 20 % resistance) when ascorbate 
or ABTS was used as the substrate in activity assays. With 
pyrogallol or guaiacol no resistance was seen. Inactivation by 
H,O, followed over time with ascorbate or pyrogallol assays 
exhibited single-exponential decreases in enzymic activity. Hy- 
perbolic saturation kinetics were observed in both assay systems; 
a similar dissociation constant (0.8 4M) for H,O, was obtained 
in each case. However, the maximum rate constant (A,,,) 
obtained from the plots differed depending on the assay substrate. 


The presence of reducing substrate in addition to H,O, partly or 
completely protected the enzyme from inactivation, depending 
on how many molar equivalents of reducing substrate were 
added. Àn oxygen electrode system has been used to confirm that 
APX does not exhibit a catalase-like oxygen-releasing reaction. 
A kinetic model was developed to interpret the experimental 
results; both the results and the model are compared and 
contrasted with previously obtained results for horseradish 
peroxidase C. The kinetic model has led us to the conclusion that 
the inactivation of APX. by H,O, represents an unusual situation 
in which no enzyme turnover occurs but there 1s a partition of the 
enzyme between two forms, one inactive and the other with 
activity towards reducing substrates such as ascorbate and ABTS 
only. The partition ratio is less than 1. 


Key words: catalase, mechanism-based inactivation, protection, 
reductants, suicide inactivation. 





INTRODUCTION 


The superfamily of haem peroxidases from plants, fungi and 
bacteria are a group of enzymes that utilize H,O, to oxidize a 
second (reducing) substrate. These enzymes share a similar 
catalytic cycle in which H,O, reacts with the resting ferric 
enzyme to form the intermediate compound I (known as com- 
pound ES in cytochrome c peroxidase) which carries two 
oxidizing equivalents. Compound I is subsequently reduced by 
reactions with two reducing substrate molecules. The first of 
these reduction steps generates the intermediate, compound II, 
which is then further reduced back to the ferric enzyme. 

Haem peroxidases have been classified into three classes [1]: 
class I contains intracellular enzymes [e.g. yeast cytochrome c 
peroxidase (CcP), ascorbate peroxidase (APX) and bacterial 
gene-duplicated catalase-peroxidases] [2]; class II consists of 
secretory fungal enzymes (e g. manganese peroxidase and lignin 
peroxidase); class IIT contains the secretory plant peroxidases 
[e g. horseradish peroxidase (HRP)]. The classification is based 
on sequence comparisons and enzyme localization rather than on 
function; thus APX, which preferentially reacts with a small 
substrate molecule, ascorbate, is 1n the same class as CcP, which 
reacts with another protein, cytochrome c. 

APX (EC 1.11.1.11) is located in the chloroplasts and cytosol 
of plants and eukaryotic algae, and has also been identified in 
certain cyanobacteria [3]. In the chloroplasts, thylakoid-bound 
CtAPX") [4,5] and soluble stromal (‘sAPX’) [6,7] forms have been 


described. In the cytosol a single isoform was previously believed 
to be present [7] that exhibited slightly different characteristics 
from the chloroplastic enzymes [4-6]. However, by using the 
database of expressed sequence tags (“dbEST’) from Arabidopsis 
thaliana (thale cress), seven APXs have been identified, including 
various soluble and membrane-bound cytosolic isoenzymes [8]. 

The function of all the forms of APX is thought to be the 
scavenging of the H4O, that 1s continuously generated in cells 
[3,9]. For instance, in the chloroplasts of photosynthetic organ- 
isms superoxide (0,7) 1s formed when insufficient CO, is available 
to balance electrons being generated by the photosystems, these 
excess electrons then reduce O, to O,~. Additionally, in the 
mitochondria the electron transport chains can also produce 
O,". In both cases superoxide dismutase converts O," into 
H,O,, which APX or catalase can then remove. 

We have previously studied the mechanism-based inactivation, 
by H,O, and m-chloroperoxybenzoic acid (m-CPBA), of various 
isoenzymes and mutants of HRP [10-16]. We now present a 
similar examination of the inactivation of APX. 

For this study we used the recombinant cytosolic form of pea 
APX [17]. The enzyme is a homodimer with a molecular mass of 
57.5 kDa [17,18]. The structure has been determined by X-ray 
crystallography [18] and the cDNA encoding the enzyme has 
been sequenced [17]. APX shares 33% sequence identity with 
CcP [17]. It has been observed that Trp-191 in CcP and the 
equivalent residue in APX, Trp-179, are conserved in identical 
conformations [18]. Trp-191 forms the site of the protein cation 


Abbreviations used. ABTS, 2,2’-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid), APX, ascorbate peroxidase; CcP, yeast cytochrome c peroxidase, 
[E], concentration of APX active sites, HR, hypersensitive response, HRP, horseradish peroxidase, m-CPBA, m-chloroperoxybenzoic acid, tAPX, 


thylakoid-bound APX 
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radical in CcP compound ES [19-21]. Most peroxidases, with the 
exception of CcP, are believed to form compound I species that 
possess a z-cation radical delocalized over the haem ring in 
addition to the oxyferryl iron centre common to all haem 
peroxidases [22]. However, recently evidence has emerged for the 
existence of a protein radical in wheat-germ peroxidase com- 
pound I [23]. In compound II the radical (whether 7 or protein) 
has been discharged by reaction with a molecule of reducing 
substrate to leave only the oxyferryl iron [24]. APX is generally 
thought to form a typical, but unstable, compound I containing 
a 7r-cation radical; this undergoes rapid conversion into another 
species, which exhibits a compound I-type absorption spectrum 
[25,26]. In our previous studies of the inactivation of HRP-C we 
have established that compound I has a central role in the 
reaction mechanism of inactivation, whereas compound II is 
much less important [16]. 

Because APX forms an important part of the defences of the 
cell against oxidative stress, the study of the inactivation of 
the enzyme by one of the major products of such stress, namely 
H,O,, provides an indication of the limitations of resistance to 
attack by reactive oxygen species. Examination of the class I 
peroxidase, APX, also provides a useful comparison with the 
class III peroxidase, HRP, and extends our knowledge of 
peroxidase inactivation, providing an additional and distinct 
example of the process, within the established framework. 


EXPERIMENTAL 
APX 


Recombinant pea cytosolic APX was expressed in and purified 
from Escherichia coli [17]. The enzyme used had an RZ value 
(A,os/ À Suo) Of 1.93 and was homogeneous by gel electrophoresis. 
No peroxidase activity with 2,2'-azino-bis-(3-ethylbenzthiazo- 
line-6-sulphonic acid) (ABTS), ascorbate or guaiacol was de- 
tected in the sample after incubation with the specific APX 
inhibitor 4-chloromercuribenzoic acid [27], indicating that no 
guaiacol peroxidase was present. The concentration of enzyme 
was calculated from a molar absorption coefficient (e) at 403 nm 
of 88 mM~!-cm7! per haem. The individual active sites of APX 
are referred to as E throughout. Because APX is a homodimer, 


[E] = 2[APX]. 


Chemicals 


H,O, (0%, v/v) was from Aldrich, its concentration being 
determined spectrophotometrically from e,,, = 43.6 M !-cm". 
H,O, concentration was additionally checked by using the HRP- 
catalysed reaction with ABTS, 2 mol of ABTS radical (e, = 
31100 M^! -cm^?) being formed from 1 mol of H,O,. m-CPBA 
was purchased from Aldrich and was further purified by re- 
crystallization from light petroleum (boiling range 40-60 °C)/ 
diethyl ether (3:1, v/v) [28], punty was estimated by NMR 
spectroscopy as 99% [29]. Crystalline L-ascorbic acid was 
obtained from Scharlau. Pyrogallol (1,2,3-trihydroxybenzene) 
and guaiacol (2-methoxyphenol) were from Aldrich. ABTS as its 
ammonium salt was purchased from Sigma. Experiments were 
performed in sodium phosphate buffer (50 mM, pH 7.0). All 
solutions were prepared with water drawn from a Milli-Q system 


(Millipore). 


UV/visible spectroscopy 


UV /visible electronic absorption spectroscopy was performed in 
a Perkin-Elmer Lambda-2 spectrophotometer interfaced on-line 
to a compatible PC. The cuvette temperature was controlled at 
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250.1 °C by a Haake DIG circulating bath with heater/cooler 
unit attached. 


Oxygen measurements 


Measurements of dissolved oxygen concentration were made 
with a Hansatech (Kings Lynn, Cambs., U.K.) oxygraph unit 
controlled from a PC. The oxygraph used a Clark-type silver/ 
platinum electrode with a 0.0125 mm Teflon membrane. The 
sample was continuously stirred during experiments and its 
temperature was controlled at 25 °C, as above. The zero oxygen 
level for calibration and experiments was obtained by bubbling 
oxygen-free nitrogen through the sample for at least 10 min. 


APX activity assays 


APX activity was determined with assays containing H,O, and 
one of the reducing substrates: ascorbate, pyrogallol, guaiacol or 
ABTS. For ascorbate the activity was followed as the decrease 1n 
A,,, due to the consumption of ascorbate in an assay containing 
10 mM H,O, and 0.5 mM ascorbate (¢,,, = 2800 M: cm~?) in 
buffer. The activity with pyrogallol (5 mM) was determined at 
430 nm (e,,, = 2470 M~*:cm™") and guaiacol (30 mM) at 470 nm 
(6,4, = 5570 M7*-cm™) The increases in absorbance as a result 
of the formation of the oxidized products were measured at these 
wavelengths. The assays contained 10 mM H,O,. The ABTS 
assay followed the formation of the ABTS radical at 414 nm (e, 
= 31100 M^'- cm ?) in a solution containing 30 mM ABTS and 
10 mM H,O,. The total volume of each assay was 1 ml in a 
quartz cuvette with a 1 cm path length All the assays were 
started by the addition of a sample of APX. The exact final 
concentration of E added varied for each individual experiment 
but a concentration between 10 and 50 nM generated a sat- 
isfactory linear absorbance change over the 2—5 min assay period 
(30 s for pyrogallol). Activity was calculated from the gradient of 
the change in absorbance with time (AA) divided by the molar 
absorption coefficient (e). 


Time dependence of inactivation 


The inactivation of APX by H,O, over time was followed by 
incubating APX ([E] = 80 nM) with H,O, (0, 1, 2, 5, 7.5 and 
10 M) in buffer (500 ul total volume). The reaction was initiated 
by addition of the enzyme. At the appropriate time points 50 ul 
aliquots were removed and their residual enzymic activities (Ap) 
were determined with the ascorbate or pyrogallol assay. The A, 
was taken as the activity remaining (4,) compared to the initial 
activity at the beginning of the experiment (A,) expressed as a 
percentage. A plot of In A, against time permitted the calculation 
of the observed rate constants of inactivation (A, s>). The 
maximum apparent rate constant of inactivation (Amas s ') and 
the dissociation constant of H,O, from APX compound I [K, 
(uM), the concentration of peroxide giving 1A,,,] [30] were 
obtained by non-linear regression fitting of a hyperbolic curve to 
a plot of A against [H,O,]. Curve and line fitting was done with 
the program SigmaPlot for Windows (Jandel Scientific Software, 
San Rafael, CA, U.S.A.). 


Catalase activity of APX 


Possible oxygen production as a result of a catalase-like action of 
APX on H,O, was determined with the oxygraph on a total 
volume of 1.0 mi of deoxygenated buffer containing nominal 
H,O, concentrations of 0, 0 1, 0.5, 1.0, 5.0, 10.0, 25.0 and 
50.0 mM. The exact concentrations of H,O, were determined 
spectroscopically just before use. The reaction was started by the 
addition of APX (0.25 uM final concentration of E). The initial 


rate of oxygen production was calculated from the slope of 
the trace observed on the addition of APX after discounting the 
rapid rise in O, due to the introduction of sample containing 
dissolved air. 


Determination of the number of equivalents of H,O, required for 
APX inactivation 


APX ([E] = 0.30-0.50 nM, depending on each experiment) was 
incubated with molar ratios of H,O, (H,O,}to-[E] ratios from 0 
to 1000 were used, the actual concentrations of substrate added 
depending on the APX concentration) in buffer (100 ul total 
volume for each ratio). The inactivation process was left to 
continue to completion. After 16-18 h the residual APX activity 
(44) at each ratio was determined with the ascorbate, pyrogallol, 
guaiacol or ABTS assay. From plots of A4, against [H,O,]/TE] a 
fitted line extrapolated from the linear part of the data to the x- 
axis gave the number of equivalents of H,O, required for the 
inactivation of each active centre of the enzyme. For comparison 
a similar incubation experiment was performed in the presence of 
m-CPBA rather than H40, at [m-CPBA -to-[E] ratios from 0 to 
100, 4, was determined with the ascorbate assay (results not 
shown). 


Protection of APX by reducing substrate against Inactivation by 
H,0, 

The same protocol as in the incubation experiments above was 
followed (0.25 uM APX) except that the incubation medium 
included ascorbate or guaiacol (1, 10 and 100 4M). Residual 
activities were determined with the ascorbate assay. Control 
incubations containing reducing substrate and H,O, only showed 
that ascorbate was very slowly decomposed by H,O, (followed at 
290 nm). Guaiacol (observed at 470 nm) did not seem to be 
similarly sensitive. 


RESULTS 
Relative activities of APX with different reducing substrates 


The activity of APX with a selection of substrates is shown in 
Table 1. The activity with ascorbate is defined as 1; thus 
pyrogallol was oxidized 3.2-fold more rapidly than ascorbate. 
Guaiacol and ABTS were poorer substrates of APX with 0.38- 
fold and 0.15-fold the activity of ascorbate respectively. The 
results given are values of V....; they are in good agreement with 
the relative activities of wild-type APX [31]. 


Time dependence and kinetics of APX Inactivation by H,0, 


When the decrease in residual activity due to inactivation by 
H,O, was followed over time, with either the ascorbate or the 


Table 1 Relative APX enzyme activities with different reducing substrates 


Enzyme actrvitles were determined spectroscopically with the assays descnbed in the 
Experimental section, the relative acbvity with ascorbate was defined as 1. The concentrations 
of reagents used were H,O, 10 mM, ascorbate, 0.5 mM, ABTS, 30 mM, pyrogallol, 5 mM, 
gualacol, 30 mM in 50 mM sodium phosphate buffer, pH 7 0 


Reducing substrate in assay Vu. M- mn) Relative activity 
Ascorbate 53x105 1.0 
ABTS 82x10 015 
Pyrogallol 17 x10 32 
Guaracal 20x10? 038 
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Figare 1 Time dependence and kinetics of the inactivation of APX by H0, 


(a) inactivation of APX followed over time APX ([E] = 80 nM) was incubated with H,O, at 
concentrations of O (8), 10 (I), 20 (A), 5.0 (V), 75 (4) and 10.0 (€) uM m 
phosphate buffer (50 mM, pH 7 0, 25 °C) Aliquots of 50 u! were assayed at the specified 
times for residual activity with pyrogallo! or ascorbate (B) Plot with a natural logarthmuc (In) 
scale showing straight-line fits to the data In (a), from which the values of A were determined 
(c) Plot of A agalnst (H,0,]—[E] with ascorbate (€) or pyrogallol (A) assays. The apparent 
rate constants of inactivation (A...) and the dissociation constants (K) were obtained by using 
SigmaPict for Windows. 


pyrogallol assay, single-exponential curves were obtained for 
several hours (results for ascorbate are shown in Figure 1a). 
When the enzyme activity remaining was determined with the 
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Scheme 1 Proposed mechanism of the Inactivation of APX by H,0, 


E, APX active site, S, H,0,, E^, enzyme compound formed by reaction of E and S, E'S, complex 
between E' and S, E, inactive APX, E”, Intermediate formed from E'S by loss of superoxide, 
E, an APX species with modified specificity for reducing substrates (active only with ABTS and 
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Scheme 2 Simplified modal of the mechanism of APX Inactivation by H,0, 


E^, APX active site that has previously undergone reaction with H,0,, S, H,0,, E'S, complex 
between E” and S, E, inactiva E, E, E with modified reducing substrate specificity (active only 
with ABTS and ascorbate). 

ascorbate) 


pyrogallol assay, the curves obtained tended to approach 0%, 
but with ascorbate the curves tended to approx. 20% of the 
original activity (ie. a fraction of APX seemed resistant to 
inactivation). 

A plot of the natural logarithms of the percentage residual 
activities (In 4,) against time gave straight lines (Figure 1b) with 
slopes equivalent to the observed rate constants of inactivation 
(A) [see Appendix, eqn. (A 17)] The inactivation of APX by H,O, 
clearly demonstrated saturation kinetics, as seen from the hyper- 
bolic curves fitted to the plot of A against [H,O,] (Figure 1c). 
The dissociation constant (K,), defined as the H,O, concentration 
giving +A...» Was similar (means + S.D.) with either the ascorbate 
(0.80 +0.12 uM) or the pyrogallol (0.86+0.10 4, M) assay and 
indicated a high affinity of APX for H,O,- However, the 
maximum apparent rate constant of inactivation (A,,,) [see 
Appendix, eqns. (A 18) and (A21)] calculated from the curve 
fitted to each data set was different: A,,. for ascorbate was 
(2.13+0.08) x 10-* s71, Anax for pyrogallol was (3.00+0.11) x 
107* s-t. This variation in the apparent rate constants and, above 
all, the different final activity levels observed with different 
reducing substrates are consequences of the kinetics describing 
the proposed mechanism shown in Schemes 1 and 2. 

When ascorbate or ABTS (or any other substrate that reveals 
a resistant fraction of APX; see below) is used to determine the 
enzyme activity [see Appendix, eqn. (A21)], then: 


Anas = k, = (2.13 £0.08) x 10~ s~! 
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Figure 2 Sensitivity to inactivation of APX at different molar ratios of H,0, 


APX ([E] = 03-05 uM) was incubated with molar axcesses of peroxide at the ratios indicated 
in phosphate buffer (50 mM, pH 7 0, 100 jal total volume) When the reaction was complete 
(16—18 h incubation) the percentage residual actrmties were measured with ascorbate (4) or 
pyrogallol (A) Lines were fitted by using StgmaPlot for Windows and the intercepts at the 
axis were determined 


When pyrogallol or guaiacol (or any other substrate that does 
not reveal resistant APX) 1s used then [see Appendix, eqn. (A 
18)]: 


Ana = hy tk, = (3.00 0.11) x 10% s~ 
thus: 
k, = (0.87 £0.19) x 10-4 s7! 


and because r, the partition ratio between the formation of the 
enzymic forms E, and E, (discussed below) is: 


r= k/k, 
Therefore 
r= 0.41+0.26 


(Note that in this case r does not represent a partition between 
catalytic and inactivatory pathways as it does for HRP-C [12].) 


Catalase activity of APX 


The results of oxygraph experiments showed that APX did not 
possess any significant catalase-like activity. Active and heat- 
inactivated (boiled) APX gave similar traces. This result was 
consistent with the single-exponential time courses observed for 
the reaction and the low values of r obtained in incubation 


_ experiments below. 


Number of equivalents of H,O, required for inactivation of APX 


APX was sensitive to inactivation by H,O,, as demonstrated by 
values of 2—3 obtained for the intercepts at the x-axis in plots of 
residual activity (4,) against the molar ratio of H,O, to APX 
active sites (E), when A, was measured with the different assays. 
Figure 2 shows the plots with the ascorbate and pyrogallol 
activity assays. When the residual activities were measured with 
ascorbate or ABTS the plots deviated from linearity at higher 
substrate-to-enzyme ratios. Activity was not fully lost even at 
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Figure 3 Protection of APX by ascorbate against inactivation by H,0, 


APX ([E] = 0 5 uM) was incubated under the same conditions as specified In the legend to 
Figure 2, except that ascorbate was present in the samples at concentrations of 0 (€), 1 0 (BID). 
10.0 CA) and 1000 uM (W) Results obtained with guaiacol instead of ascorbate were very 
similar 


[H,O,]-to-[E] ratios as high as 1000 (results not shown); a 
residual activity, measured with ascorbate, of 9.6% remained. 
When one of the phenolic substrates pyrogallol or guaiacol was 
used as the reducing substrate in the activity assays, this deviation 
from linearity was not observed and APX activity was decreased 
to immeasureably low levels by incubation with H,O,. When m- 
CPBA was substituted for H,O, in the incubations, very similar 
results were obtained (results not shown). 

From Scheme 1 and the stoichiometry of the reaction 1t can be 
seen that two molecules of H,O, per APX active site are required 
to generate the inactive enzyme form, E,, and three equivalents 
are required to make the enzyme form (with altered activity 
toward substrates), E, [see Appendix, eqns. (A 1) and (A 2)]. 
Thus no enzyme turnover occurs but there is a partition ratio, r, 
obtained by the endpoint incubation method, which describes 
the formation of E, and E, with a value of r = 0.66 +0.15 [see 
Appendix, eqn. (A 15), and Figure 2], in good agreement with 
the value obtained from the kinetic constants above. 


Protection of APX by reducing substrate against Inactivation by 
H,0, 


The presence of ascorbate or guaiacol in the incubation medium 
had a strong protective effect on the enzyme (Figure 3; results for 
ascorbate are shown). With 10 equiv. of H,O,, approx. 80% 
inactivation (20% residual activity) was seen in the absence of 
reducing substrate (with the use of the ascorbate activity assay), 
whereas the addition of 2 equiv.:of reducing substrate lowered 
the inactivation to less than 20% (more than 80% residual 
activity); 90% residual activity was measured with 20 equiv. of 
reducing substrate, and 100% protection (no measurable in- 
activation) was afforded by the inclusion of 200 equiv. of reducing 
substrate. 


ry 


Kinetic model 


To account for these results, a kinetic model (Schemes 1 and 2 
and Appendix) has been developed that uses as its basis a 
previous theoretical examination of the kinetics of mechanism- 
based inactivation (suicide inactivation) [32]. 


The principal characteristics of the mechanism are as follows. 
A species E' 1s formed by the reaction of an active site of 
APX (E) with H,O,. The identity of E’ ıs not clear because APX 
compound I (apparent rate constant of formation at pH 7.8, k, 
= 8.0 x 10’ M^*-s' [25]) is unstable and undergoes conversion 
into another species with a rate constant, determined by stopped- 
flow, of k, = 0.8 +0.01 s^, this value being independent of H,O, 
concentration in the range 0-8 uM (E. L. Raven and L. Lad, 
unpublished work). This enzyme form, when generated by 
incubation with 1 equiv. of H,O, per APX active site, exhibits 
approx. 8095 of the activity with reducing substrates of native 
APX. In the presence of additional H,O,, an enzyme-substrate 
complex, E’S, is made. There is a partition from complex E'S 
leading either directly to the inactive form, E,, or, by the release 
of O,", to the intermediate E”, which can react with a third 
equivalent of H,O, to generate E,. E, possesses modified 
substrate specificity such that no reaction is observed with 
phenolics (e.g. pyrogallol, guaiacol), but approx. 20% of the 
original activity of APX remains with ascorbate and ABTS. This 
behaviour manifests itself as the difference in the Ana observed 
in the time courses of inactivation by using different reducing 
substrates 1n the assays and also 1n the divergence from linearity 
in incubation experiments with ascorbate or ABTS (Figure 2). 

Because no enzymic turnover of H,O, occurs (i.e. there is no 
catalytic cycle) 1n the absence of reducing substrate but several 
molecules of H,O, are required to inactivate each APX active 
site, the partition ratio between the routes to E, and E, is 
observed to have a value of r « 1. 


DISCUSSION 


In previous work we have examined the inactivation of the class 
III secretory plant peroxidase HRP [10-16]. HRP clearly under- 
goes mechanism-based inactivation with H,O, and m-CPBA. 
Time dependence and saturation kinetics have been observed, 
along with protection of the enzyme by the presence of a 
reducing substrate. The stoichiometry of inactivator to enzyme 
has been closely defined with m-CPBA. Results from steady-state 
and rapid kinetics are consistent, and a detailed kinetically defined 
model of the inactivatory process has been developed [16]. In the 
present study we have examined the process of inactivation of a 
class I peroxidase, APX, and found that it shares similarities 
with, but also exhibits differences from, HRP. 

The inactivation of APX by H,O, was time dependent and the 
reaction showed saturation kinetics (Figure 1). The kinetically 
derived affinity of APX for H,O, was much higher than that of 
HRP [KEF = 0.8 4M, K2**9 = (1.34+0.2) mM) [13,14]. APX 
was also much more sensitive to H,O,, as shown by the 
requirement of each active centre of APX for only approx. 2-3 
molecules of H,O, to be inactivated (Figure 2). This value was 
much lower than the equivalent value of 625 previously measured 
for the principal basic isoenzyme (form C) of HRP (r = 335 for 
non-glycosylated recombinant HRP-C) under the same con- 
ditions [13]. However, the cytosolic isoform of APX with which we 
performed this study was still considerably more resistant to in- 
activation than tAPX [27]. tAPX has been observed to undergo 
inactivation 1n medium containing less than 20 uM ascorbate 
and even as a result of the autoxidation of nanomolar concen- 
trations of ascorbate (leading to the formation of H,O,) in dilute 
oxygenated solutions [9]. The sensitivity of tÀPX might reflect 
the rather high level of ascorbate (up to 50 mM) normally found 
in the chloroplast [33], which protects the enzyme. 

Despite APX's higher affinity for and greater sensitivity to 
FLO, its inactivation proceeded an order of magnitude more 
slowly than that of HRP [k^** = (2.13 +0.08) x 107* s71, ARBY'S 
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= (4.6+0.2) x 10? $11 [13,14]. This was a reflection of the low 
values of the kinetic constants controlling the inactivation 
pathway in APX. 

Cytosolic APX was protected against inactivation by H,O, by 
the presence of micromolar levels of the reducing substrates 
ascorbate or guaiacol in addition to H,O, in the incubations 
(Figure 3). A similar effect has also been seen with HRP [10]. In 
both cases the reducing substrate protects the enzyme because 
peroxidase compound I preferentially oxidizes the reducing 
substrate rather than undergoing further reaction with HLO, 
which can lead to inactivation. 

In incubations with the oxidizing substrate, m-CPBA, the 
behaviours of APX and HRP-C were much more alike. APX was 
as sensitive to inactivation by this peroxide as by H,O,. The 
partition ratio for HRP-C with m-CPBA was only 2 [16]. 

The much greater sensitivity of HRP-C to inactivation by m- 
CPBA than by H,O, has been attributed to the lack of the 
protective catalase-like (releasing oxygen gas) reaction that has 
been observed with H,O, but that cannot occur with m-CPBA as 
the substrate [34,35]. The catalase-like reaction of H,O, with 
HRP is the dominant pathway of enzyme turnover in the absence 
of reducing substrate and accounts for almost all the protection 
of HRP against mechanism-based inactivation by H,O,. Oxy- 
graph experiments with APX confirmed that the enzyme did not 
possess a catalase-like cycle, as would be expected from its 
sensitivity to inactivation. It now seems that most peroxidases 
possess at least some catalase activity; they can be listed in the 
following order of activity: true catalases > bacterial catalase— 
peroxidases > chloroperoxidases > HRP > APX. There is pre- 
sumably some reason why catalase-like activity has not evolved 
or has been lost in APX; this would suggest that APX’s instability 
to peroxide might, in some way, be physiologically important. 

The deviations from linearity of the plots of residual activity 
against the concentration ratios of APX with inactivator sub- 
strate at higher ratios (i.e. more substrate) when ascorbate and 
ABTS assays were used reveal that a fraction of the enzyme 
activity remained even at molar excesses of substrate up to 1000, 
despite the fact that most of the enzyme was inactivated with less 
than 10 equiv of peroxide. Scheme 1 suggests that the ex- 
planation of this observation 1s that the enzyme does not complete 
a catalytic cycle (i.e. turnover) with H,O,. APX forms either the 
inactive species (E,) or the enzyme form with changed activity 
(E,), which retains approx. 20% activity with substrates like 
ascorbate (resistant fraction) but does not demonstrate any 
reaction with phenolics. E, therefore seems to be unable to 
withdraw electrons from phenolic substrates but can do so to a 
limited extent from acids such as ascorbate. There is evidence [36] 
that ascorbate and phenolic substrates, such as guaiacol and 
pyrogallol, bind to distinct electron transfer sites in APX. Specific 
modification of APX Cys-32, by either Ellman's reagent [5,5"- 
dithiobis-(2-nitrobenzoic acid)] or mutagenesis to serine, greatly 
decreased APX activity with ascorbate but did not appreciably 
affect phenolic oxidation. In contrast, the é-meso-haem edge is 
believed to be the site of reaction for phenolics. Our results are 
consistent with the notion that there are two separate electron 
transfer sites in APX for phenolics and ascorbate, and that the 
phenolic site is blocked by inactivation. 

Our studies so far have demonstrated that APX undergoes 
inactivation with H,O, and also m-CPBA, as has been observed 
for HRP. The inactivatory process being observed can essentially 
be described as irreversible mechanism-based (suicide) in- 
activation, using the definition of Silverman [37]. However, with 
APX, the unusual situation arises where no enzyme turnover 
occurs and r « 1. Inactivation of APX therefore proceeds in 
much the same way as irreversible inhibition (r — 0) but each 
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active centre of APX requires several molecules of H,O, for 
inactivation. 

The structural changes that occur in the formation of the 
inactive enzyme, and the nature of this species, remain unclear. 
In preliminary UV /visible spectroscopic studies we have failed to 
identify a species similar to the 1nactive compound P670 verdo- 
haemochrome seen in our previous work with HRP. However, the 
P670 of HRP is not particularly stable and easily decomposes; 
the equivalent species in APX might therefore be even less stable 
and harder to observe. P670 has also been observed to form in 
the reaction of wheat-germ peroxidase compound I, which seems 
to contain a protein radical, with excess H,O, [23]. We did, 
however, notice a fall in Soret peak intensity, broadly in 
agreement with other studies [9] and suggesting that some haem 
degradation was occurring 1n APX. In addition, when excess 
ascorbate was added to the species that formed spontaneously 
from APX compound I (generated by the addition of 1 equiv. of 
H,O, to the ferric enzyme), the spectrum of the original ferric 
species was not recovered. Similarly, the ferric spectrum was not 
fully recovered if the spontaneously formed species was allowed 
to evolve further over a period of several hours. 

The sensitivity of APX to inactivation by its substrate H,O, 
was surprising considering the enzyme's supposed role as a 
scavenger of this substance in cells as a protective measure 
against oxidative stress. Indeed, it has been shown in tobacco 
that, whereas APX functioned well under benign environmental 
conditions, under conditions of drought and bright illumination 
APX was completely inactivated, exposing the photosynthetic 
systems of the plants to severe damage. The introduction of the 
gene for bacterial catalase into tobacco plants allowed them to 
tolerate harsh environmental conditions much better than the 
wild-type plants [38]. In potato tubers stored at low temperature 
(causing oxidative stress due to the increase in dissolved O,) APX 
did seem to protect the cells, at least until levels of ascorbate 
started to fall [39] The same study also noted the protective 
effect of catalase, whose activity tended to increase as that of 
APX fell. 

APX has been implicated in other cellular processes in plants 
in which its instability to H,O, could be important. In response 
to pathogenic attack, plant cells undergo programmed cell death 
(‘PCD’), termed the hypersensitive response (HR), to form a 
layer of dead cells as a barrier to the spread of disease. It is widely 
believed that reactive oxygen species such as H,O, and O, are 
instrumental in mediating the HR ([40] and references therein); 
however, the action of APX could decrease their effectiveness. It 
has been shown that APX expression is suppressed at the post- 
transcriptional stage so that no new enzyme is produced during 
the HR [40]. The inactivation of APX by H,O, at this stage could 
then further enhance the HR. 

There is also evidence that H,O, acts as a developmental signal 
in the differentiation of secondary walls in cotton fibres and 
other structures, such as tracheal elements, in otber plants 
and that the scavenging of H,O, can prevent such differentiation 
([41] and references therein). 

If we take into account observations such as those described 
above, it seems likely that the inactivation of APX by peroxide 
under certain circumstances could have important implications 
in plant development. The role of the different isoenzymes of 
APX with their specific localizations within plant cells 1s an area 
of plant biochemistry and physiology that still leaves many 
questions to be answered. 
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APPENDIX 


The proposed mechanism for the reaction of APX with H,O, 
leading to enzyme inactivation is shown in Scheme 1. 

E represents the concentration of APX active sites other than 
the dimer. 

The stoichiometry of the pathway leading to E, is: 


2H40, +E ^ 2H,O+ E, (A 1) 
and for the generation of E, it is: 
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3H,0, + E ^ 2H,0-- H* +0, +E, (A 2) 
where the exact natures of E, and E, have not been determined. 


Experiments on the end-point residual activity 


The equation for partition ratio (r) was developed as follows. 
The balance of material in the mechanism in the case of the 
phenolic substrates where the residual activity falls to 0 is: 
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[S,] = 2[E,]  3[E.] 


where [S,] 1s the initial [H,O,] 
The differential equations for the partition between E, and E, 
are: 


(A 3) 


d[E,]/dt = KE/8] (A 4) 
d[E]/d: = K[E'S] (A 5) 
Removing time from eqns. (A 4) and (A 5): 

d[E,]/d[E] = k,/k, (A 6) 
Integrating eqn. (A 6); [E,}0 — [E,] and [E,]0 > [E]: 

[E,] = [E.Jk,/k, (A7) 
Substituting eqn. (A 7) into eqn (A 3): 

[S] = 2[E] - 3TE e, /K) (A 8) 
Rearranging: 

[S] = [EJQ --3k,/k) (A 9) 
and: 

[E] =r (A 10) 


The balance of material with respect to E is: 
[E,] = [E] +E] +E] 


where [E,] is the initial concentration of APX active sites (E) and 
[E,] is residual active E. 
Substituting eqns. (A 7) and (A 10) into eqn. (A 11) we obtain: 


(A 11) 


A+K,/k, 


IS] - [EJ = 2 3k, /k, 


2 19g) (A 12) 
Dividing by [E,] and rearranging gives: 


A, = el. LER Bal (A 13) 
[Ej] 24+3k,/k, EJ] 
[E] can be determined from the remaining APX activity after 
incubation (A,) and [E,] from the original APX activity (A,). 
Thus both quantities on the left of eqn. (A 13) can be observed 
experimentally. 
From the intercept at the x-axis of a plot of A, against 
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[S,]/[E,] (Figure 2) we see that, for pyrogallol and guaiacol, A, 
== 0 when [S,]/[E,] = 2.4. 
From Schemes 1 and 2 we define: 


r=k,/k, 

Thus, by using eqns. (A 13) and (A 14): 
r= 0.66+0.15 

which is in good agreement with the value obtained kinetically. 


(A 14) 


Kineties of Inactivation 


Under conditions where [S,] 2 15[E,] the mechanism shown in 
Scheme 1 can be simplified to Scheme 2. 

For substrates such as pyrogallol or guaiacol, for which no 
enzyme resistance is observed, [E] = [E]. 

The differential rate equation that describes the disappearance 
of the active enzyme, E,, is 


dE] dB) & +) (EIS 


ae ae USE oy) 
JEJ & +k) Slo 
i kas, oe) 


Integrating between [E,] for t = 0 and [E,] for t = t gives: 


[E,] K,+[S], 

where A is the observed rate constant of inactivation. Thus in a 
plot of A against [S,|—[E,] the maximum rate of inactivation 
(Ana) and the affinity of E’ for S (Kj) can be obtained from a 
non-linear regression fit. In this case: 
Anz = k, +k, (A 18) 
Note that the generation of 1 mol of E' from E (Scheme 1) 
consumes 1 mol of S; therefore the plot and regression are done 
against [S,] — [Ex]. 

For ascorbate and ABTS, for which a resistant fraction of 
enzyme is detected, [E, | £ [E,]. 

The differential equations are: 


d[E] d[E] _ k [EJIIS], 


—At (A 17) 


= UE ESSE ne 
yielding: 

In(E,)/[ED = —At = —ky! (A 20) 
Therefore in a plot of A’ against [S,]—[E,]: 

Ana = K; (A 21) 
Thus: 

Aga qas = Ky (A 22) 
and additionally: 

r=k,/k, (A 23) 
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Positional- and stereo-selectivity of fatty acid oxygenation catalysed by 


mouse (125)-lipoxygenase isoenzymes 


Friederike BURGER, Peter KRIEG, Friedrich MARKS and Gerhard FURSTENBERGER' 
Ressarch Program Tumor Cell Regulation (B0500), Deutsches Krebsforschungszentrum, Im Neuenheimer Feld 280, 69120 Heidelberg, Germany 


A quantitative stereochemical analysis of the products generated 
by recombinant mouse (128)-lipoxygenase isoenzymes was per- 
formed with arachidonic acid and linoleic acid as substrates. The 
leucocyte-type (12S}-lipoxygenase generated, in addition to 12- 
hydroxyeicosatetraenoic acid (12-HETE) as the main product, 
15- and 8-HETE from arachidonic acid and 13- and 9-hydroxy- 
octadecadienoic acid (13- and 9-HODE) from linoleic acid. The 
platelet-type enzyme oxygenated arachidonic acid to 12- and 8- 
HETE and linoleic acid to 13- and 9-HODE, whereas the 
epidermis-type (125)-lipoxygenase reaction was essentially 
mono-specific with arachidonic acid but oxygenated linoleic acid 
to both 13- and 9-HODE. 12-HETE and 13-HODE were almost 
exclusively the S enantiomers. 8-HETE was the R enantiomer as 
a side-product of the platelet-type (12.8)-lipoxygenase reaction 
but the S enantiomer as a side-product of the leucocyte-type 
reaction. 9-HODE was generated as the R enantiomer by the 
platelet-type and the epidermis-type isoenzymes and as the S 
enantiomer by the leucocyte-type (12.5)-ipoxygenase. On the 


basis of published models of lipoxygenase-substrate interaction, 
the stereochemistry of the products generated by the platelet- 
and epidermis-type (12S)}-lipoxygenases 1s in agreement with a 
fixed 'tail-to-head' orientation of the substrate fatty acid in the 
binding pocket of these enzymes, whereas that of the reaction 
products of the leucocyte-type (12S)-lipoxygenase can be ex- 
plained only when the inverse orientation of the substrate or a 
rotational isomerism along the longitudinal axis of the substrate 
is allowed. Both the product spectra generated and the sensitivity 
towards the 12-lipoxygenase selective inhibitors N-benzyl-N- 
hydroxy-4-phenylpentanamide and cinnamyl-3,4-dihydroxy-o- 
cyanocinnamate indicated the platelet-type and the epidermis- 
type isoenzymes to be biochemically more related to each other 
than to the leucocyte-type (12.8)-lipoxygenase. 


Key words: arachidonic acid, dioxygenation, epidermis, linoleic 
acid. 





INTRODUCTION 


Lipoxygenases are a family of structurally related non-haem 
iron-containing enzymes that insert molecular oxygen into cis,cis- 
1,4-pentadiene-containing polyunsaturated fatty acids [1,2]. 
Depending on the position of oxygen insertion into arachidonic 
acid, mammalian lipoxygenases are classified as 5-, 8-, 12- and 
15-lipoxygenases. Primary reaction products are 5-, 8-, 12- 
and 15-hydroperoxyeicosatetraenoic acids (HpETEs) which are 
reduced to the corresponding hydroxyeicosatetraenoic acids 
(HETEs) or converted into various other types of eicosanoids 
including leukotrienes, lipoxins and hepoxilins. Oxygen insertion 
occurs with high enantioselectivity in that the main reaction 
products possess $S-chirality. Only recently has a (12R)} 
lipoxygenase generating enantiomeric (12R)-HpETE been iden- 
tified in mammalian skin [3-5]. 

The multiplicity of lipoxygenases is further increased by the 
identification of individual isoenzymes with similar positional 
specificities: two (15S}-lipoxygenase isoenzymes [6,7] and three 
(125)-lipoxygenase isoenzymes [8] have been described. We and 
others have cloned three cDNA species from mouse tissues, 
encoding the leucocyte-type, the platelet-type and the epidermis- 
type 12-lipoxygenases, and expressed them as recombinant 
proteins [9-13]. After their cloning and expression there 1s a need 
for a detailed comparison of the three recombinant mouse (12.5)- 
lipoxygenase isoenzymes regarding the differences and/or simil- 
arities in catalytic activity, regioselectivity and stereoselectivity 
and effects of inhibitors so as to be able to distinguish between 
these isoenzymes in vivo. 


Here we describe a qualitative and quantitative analysis of the 
reaction products obtained by the three isoenzymes with free 
arachidonic acid and linoleic acid as substrates. 


EXPERIMENTAL 
Materials 


(8S)- and (8R)-hydroxyeicosa-(5Z,9 E,11Z,15Z)-tetraenoic acid 
[(8S)- and (8R)-HETE], (12S} and (12R)-hydroxyeicosa-(5Z, 
8Z,10£,14Z)-tetraenoic acid [(12.5)- and (12R)-HETE], (9,S)- and 
(9 R)-hydroxyoctadeca-(10E,12Z)-dienoic acid [(95)- and (9.R)- 
HODE] and (13S) and (13AR)-hydroxyoctadeca-(9Z,1 1 E)- 
dienoic acid [(13S)- and (13R)-HODE] standards were from 
Reatec (Weiterstadt, Germany). N-Benzyl-N-hydroxy-4-phenyl- 
pentanamide (BHPP) was a gift from Dr K V. Honn (Wayne 
State University, Detroit, MI, U.S.A.); cinnamyl-3,4-dihydroxy- 
a-cyanocinnamate (CDC) was purchased from B1omol (Ham- 
burg, Germany). All other chemicals and solvents were of 
analytical grade. SEP-PAK C,, cartridges were from ICT (Bad 
Homburg, Germany). 


Expression of 12-Mpoxygenase cDNA 


For transient expression, plasmid DNA (10 ug) and vector DNA 
as control were introduced into HEK -293 cells (seeded at 1.5 x 10° 
cells per 100mm plate) by a modified calcium phosphate 
transfection procedure with a mammalian transfection kit, in 
accordance with the manufacturer’s protocol (Stratagene, La 
Jolla, CA, U.S.A.). Cells were harvested 48 h after transfection. 


Abbreviations used: BHPP, N-benzyl-N-hydroxy-4-phenylpentanamide, CDC, cinnamyl-3,4-dihydroxy-a-cyanocinnamate, 8-, 12- and 15-HpETE, 8-, 
12- and 15-hydroperoxyeicosatetraenoic acids; B-, 12- and 15-HETE, 8, 12- and 15-hydroxyeicosatetraenoic acids, 9- and 13-HpODE, 9- and 13- 
hydroperoxyoctadecadienoic acids, 9- and 13-HODE, 9- and 13-hydroxyoctadecadienoic acids 

! To whom correspondence should be addressed (e-mall g fuerstenberger@dktz-heidelberg de) 
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Preparation of 10000 g supernatants 


Transfected cells were homogenized by sonication (Branson 
Sonifier, 10 pulses of 6 s on ice) in TEE buffer [50 mM Tris/HCl 
(pH 7.4)/1 mM EDTA/1 mM EGTA/10 ug/ml leupeptin]. The 
supernatant received after centrifugation (10000 g for 15 min at 
4 ?C) was used for the lipoxygenase assay. 


Lipoxygenase assay 


Aliquots of 250 ul of 10000 g supernatants were incubated with 
100 4M arachidonic acid or linoleic acid for 12 min at 37 °C in 
the presence or absence of various concentrations of inhibitors 
dissolved in ethanol. The incubations were terminated by the 
addition of 40 ul of 1 M sodium formate buffer, pH 3.1. To 
reduce the hydroperoxy acids to hydroxy acids, 20 yl of trimethyl- 
phosphite was added and incubated at room temperature for 
5 min. Samples were extracted twice by ethyl acetate. The 
combined organic extracts were evaporated to dryness, re- 
dissolved in 0.75 ml of ethanol and diluted to a final ethanol 
concentration of 15% (v/v) by the addition of 0.1 M sodium 
formate buffer. An enriched HETE or HODE fraction was 
obtained by solid-phase extraction by the method of Powell [14]. 


Analysis of HETEs and HODEs 


For HPLC, a Zorbax Sil column (250 mm x 4.6 mm, 5 um 
particle size; Bischoff, Stuttgart, Germany) was used. HETEs 
and HODEs were eluted at 1 ml/min with a solvent system of n- 
hexane/propan-2-ol/acetic acid/water (98.5:1.5:0.1:0.025, by 
vol). The eluate was monitored at 236 nm. Individual HETEs 
and HODEs separated by straight-phase analysis were analysed 
by chiral-phase chromatography with a Chiracel column 
(250 mm x 4.6 mm, 5 um particle size; Baker Instruments Corp., 
Deerfield, IL, U.S.A.) with the solvent system n-hexane/propan- 
2-ol/acetic acid (99:1:0.05, by vol.) for elution of the R and S 
enantiomers of 15- and 12-H ETE and 13-HODE, and the solvent 
system n-hexane/propan-2-ol/acetic acid (97.5:2.5:0.05, by vol.) 
for elution of the R and S enantiomers of 8-HETE and 9-HODE. 
The flow rate of the solvent systems was 0.5 ml/min; the eluate 
was monitored at 236 nm. The recovery was 57 +7 % for HETEs 
and 613-1195 for HODEs (means 5 E.M.). 


GLC/MS 


Derivatization of the HETEs and HODEs and qualitative 
GLC/MS were performed as described previously [15]. 


RESULTS 
Determination of enzymic activity 


HEK-293 cells were transiently transfected with the pcDNA3 
expression vector carrying the cDNA encoding the leucocyte- 
type, platelet-type or epidermis-type (125)-lipoxygenase. At 48 h 
after transfection, the cells were homogenized by ultrasonication 
and the enzymic activity was determined in 10000 g supernatants 
of the homogenates. When incubated with saturating concen- 
trations of arachidonic acid for 12 min, i.e. during the linear time 
course of product formation, a linear relationship between the 
formation of 12-HETE and the sample's protein concentration 
of up to 0.2 mg/ml supernatant for both the leucocyte-type 
and the platelet-type enzyme and of 0.5-5.0 mg/ml supernatant 
for the epidermis-type isoenzyme was observed. The specific 
activities of leucocyte-type and platelet-type (12.5)-lipoxygenases 
were approx. 600-fold and 300-fold that of the epidermis-type 
(12S)-lipoxygenase respectively (Table 1). With linoleic acid as a 
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Table 1 Specific enzymic activities and reaction products of recombinant 
mouse (12S)-lipoxygenase isoenzymes with arachidonic acid as substrate 


Supernatants (10000 g) from sonicated HEK-293 cells transfected with leucocyte-type 
(01 mg/m! protein), platelet-type (0.2 mg/ml protein) or epidermis-type (5 mg/ml protein) 
(125H:poxygenase cDNA, or pcDNA3 vector alone (5 mg/mi protein) were incubated in TEE 
buffer with 100 uM arachidorec acid for 12 min at 37 °C The hydroperoxy derivatives of the 
fatty acids were reduced and extracted by the method of Powell [14]; the ethyl acetate fraction 
was analysed by straight-phase HPLC as described In the legend to Figure 1 Activities were 
measured by compartson of the areas of the 8-, 12- and 15-HETE peaks with corresponding 
standards The amounts of 8-, 12- and 15-HETE generated by vector-transfected cells were 
subtracted Results are means-+SD for 3 « mx 5 experiments Abbreviation. nd. not 
detectable. 


Reaction products (pmot/min per mg of protein) 


(125-Llpoxygenasa type 12-HETE 15-HETE 8-HETE 

Leucocyte 13580 + 2250 1020 + 105 185 4-25 
Platelet 7655 + 950 n.d. 22 T9 
Epidermus 234-5 nd nd 





Table 2 Specific enzymic activities and reaction products of recombinant 
mouse (12S)-llpoxygenase Isoenzymes with Hnolelc acid as substrate 


Supsmatants (10000 g) from sonicated HEK-293 calls transfected with Jeucocyte-type 
(015 mg/m! protein), platelet-type (1.0 mg/ml protein) or epidermis-type (5 mg/ml. protein) 
(125lpoxygenase cDNA, or pcDNA3 vector alone (5 mg/ml protein) were incubated in TEE 
buffer with 100 4M linoleic acid for 12 min at 37 °C The hydroperoxy denvatives of the fatty 
acids were reduced and extracted by the method of Powell [14]; the ethyl acetate frachon was 
analysed by straght-phase HPLC as described in the legend fo Figure 2 Actvibes were 
measured by companson of ihe areas of the 9- and 13-HODE peaks with corresponding 
standards. The amounts of 9- and 13-HODE generated by veclor-iransfected cells were 
subtracted. Results are means :- SD for 3 < n « 5 experimentis. 


Reaction products 

(pmol/min 

per mg of protein) 
(12.5}-Lipoxygenase type 13-HODE 9-HODE 
Leucocyte 1420 4-55 404-5 
Platelet 185 -+ 60 44+08 
Epidermis 155 4249.5 


substrate, 13-HODE formation was linear up to a protein 
concentration of 0.2 mg/ml for the leucocyte-type lipoxygenase, 
up to 5mg/ml for the platelet-type enzyme and between 4 
and 5 mg/ml protein for the epidermis-type enzyme. Again, 
leucocyte-type 12-lipoxygenase exhibited the highest enzymic 
activity, being approx. 8-fold and 80-fold more efficient than the 
platelet-type and epidermis-type enzymes respectively (Table 2). 


Product analysis 


Although the positional specificity of oxygen insertion is thought 
to be a characteristic property of individual lipoxygenases, it is 
known from previous studies that the pig and mouse leucocyte- 
type (125)-lipoxygenases can direct oxygen into the 12- and the 
15-positions of arachidonic acid [9,10,16]. A more detailed 
product analysis of the mouse isoenzyme showed that, in addition 
to 12-HETE as the main product, 15-HETE was the predominant 
and 8-HETE a minor side-product (Figure 1 and Table 1). In 
contrast, platelet-type (12.5)-lipoxygenase generated almost ex- 
clusively 12-HETE with very small amounts of 8-HETE as a side 
product; 12-HETE was the only reaction product generated by 
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Figura 1 Straight-pkase HPLC analysis of Dpid extracts obtained after 
Incubation with arachidonic acid of 10000 g supernatants from sonicated 
HEK-293 cells transiently transfected with leucocyte-type (A), platelet-type 
(B) or epidarmis-type (C) (125)-lipoxygenaso expression constructs or with 
peDNA vector alone (D) 


Supernatants (10000 g) from sonicated HEK-293 cells transfected with pcDNA3 expression 
constructs containing epidermis-type, leucocyte-type or platelet-type (12.5)-lIpoxygenase cDNA 
or with pcDNA3 vector alone were incubated In TEE buffer with 100 uM arachidonic acid for 
12 min at 37. °C The protein concentration in each assay was 0.1 mg/ml protein [leucocyte- 
type (125) Hipoxygenase], 0.2 mg/mi protein. [plateiet-type (125)-ipoxygenase], 5 mg/mi 
protein [epidermnis-type. (12S}lipoxygenase] and 5 mg/ml protein (vector) HpETEs were 
reduced and extracted by the mathod of Powell [14] The ethyl acetate fracbon was dried under 
vacuum, redissotved in n-hexane/propan-2-ol/acetlc acid/water (98.5:1.5:0.1 0 025, by vol), 
imected on a Zorbax Sil column and eluted at 1 ml/min The eluate was monitored at 236 nm 
Authentic 8-, 12- and 15-HETE and 9 and 13-HODE were used as standards The identities 
of HETEs were confirmed by GC/MS 


epidermis-type (12.5)-lipoxygenase (Figure 1 and Table 1). When 
linoleic acid was used as a substrate in addition to the main 
product 13-HODE, the isomer 9-HODE was generated as a 
by-product by all three isoenzymes with a ratio of 13-HODE to 
9-HODE of approx. 50:1 for leucocyte- and platelet-type 
(12S)-lipoxygenase and approx. 3:1 for epidermis-type (12.S} 
lipoxygenase (Table 2 and Figure 2). 


Chirality of the reaction products 


The chiral analysis of the reaction products obtained after the 
incubation of arachidonic acid with preparations of the three 
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Figure 2 Stralght-pkase HPLC analysis of lipid extracts obtained after 
Incabation with linolelc acid of 10000 g supernatants from sonicated HEK- 


293 celis transiently transfected with leucocyte-type (A), platelet-type (B) or 
i (125)Hipoxygenase expression constructs or with pcDNA 
vector alone 


Supematants (10000 g) were incubated with linoleic acid instead of arachidonic aci. The 
protein concentration in each assay was 0 15 mg/ml protein [leucocyte-type (12 S}Hipaxypenase], 
10 mg/ml protein [platelettype (12.5)-Ipoxygenase], 5 mg/m! protein epidermis-type (125)- 
lipoxygenase] and 5 mg/ml protem (vector) For details see the legend to Figure 1 


isoenzymes showed a strict enantiomeric purity of the main 
product (12.5)-HETE. In addition, the by-products 15-HETE 
and 8-HETE generated by leucocyte-type (12.8)-lipoxygenase 
were predominantly the S enantiomers. However, 8-HETE 
generated by platelet-type (125)-ipoxygenase was found to be 
the R enantiomer (Figure 3 and Table 3). All three isoenzymes 
oxygenated linoleic acid to (13S)-HODE, whereas the chirality 
of the by-product 9-HODE was predominantly the S enantiomer 
with leucocyte-type (12.5)-lipoxygenase but R with the two other 
isoenzymes (Figure 4 and Table 4). HETEs and HODEs gener- 
ated in 10000 g supernatants of vector-transfected cells were 
found to be racemic. 


inhibitor experiments 


Two selective inhibitors of the human platelet-type (12.5)-lipoxy- 
genase, BHPP [17] and CDC [18], were tested for (12S)- 
lipoxygenase isoenzyme selectivity. BHPP was more efficient in 
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Figure 3  Chiral-phase HPLC of the reglolsomeric HETES formed by (12S}-IIpoxygenase Isoenzymes expressed in HEK-293 ceils 


The &, 12- and 15-HETE eluates were subjected to chiral phase chromatography with a Chiracel column (250 mm x 4 6 mm, 5 xm particle size) with n-haxana/propan-2-ol/acstic acid (99. 1:0 05, 
by vol) for the elubon of the A and S enantiomers of 15- and 12-HETE and with n-hexane/propan-2-ol/acetic acid (975 2.5.0.05, by vol.) for the elution of the A and S snantomers of &-HETE 
Authentic (155)-, (125)- and (8S)-HETE and the corresponding A enantiomers were used as extemal standards and were eluted at a flow rate of 0 5 ml/min. (A) Leucocyte-type (12 5)-ipoxygenase, 


(B) platelet-typa 12(S)-ipoxygenass and (C) epkdermis-type 12(S}-lipaxygenase. 


Table 3 Chiral-phase analysis of the reaction products of (125)- 
Bpoxygenasa Isoenzymes with arachidonic acid as substrate 


Chiral-phase analysis was done with HETE frachons obtained by straight-phasa HPLC (ses 
Figure 1) with a Chiraca! column (for details see the legend to Figure 3). Authentic (12), 
(125, (158), (155, (8/7)- and (BS)-HETE (100 ng of each) were used as external standards 
The concentrations of S and A enantiomers were determined from the peak areas and used to 
determine the rabos, the sum of which was set at 100%. 


Chirality of HETE (%) 
(125)-Lipoxygenase type 125:128 15S 15A 85 8A 
Leucocyte 991 84 16 81 19 
Platelet 99 1 ~ 30:70 
Epidermis 92:8 — m 





suppressing platelet-type (12S)-lpoxygenase activity than 
epidermis-type and leucocyte-type (12S}lpoxygenases, both 
with arachidonic acid and with linoleic acid as a substrate (Table 
5). CDC almost exclusively inhibited the platelet-type enzyme 
with arachidonic acid as a substrate. The high selectivity was not 
observed with linoleic acid as substrate (Table 6). 
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DISCUSSION 


Phylogenetically, the three mouse (12.5)-lipoxygenase isoenzymes 
are found in different subgroups, sequence comparisons yield 
only moderate amino acid identities of between 57.0 and 60.7% 
[5,19]. This structural diversity is reflected by differences in 
catalytical activity, positional selectivity and stereoselectivity, 
and sensitivity to inhibitors. Although the isoenzymes oxygenated 
arachidonic acid predominantly to (12S}HpETE and linoleic 
acid to (13 S)-hydroperoxyoctadecadienoic acid [(139)-HpODE], 
the yields varied widely. In particular, the specific activity of the 
epidermis-type isoenzyme was 1—2.5 orders of magnitude lower 
than that of leucocyte-type or platelet-type (125)-lipoxygenase. 
Epidermis-type (12.5)-lipoxygenase shares low catalytic efficiency 
with other lipoxygenases preferentially expressed in epidermis, 
ie. human (15S)-lipoxygenase 2, human and mouse (12A) 
lipoxygenase and mouse 8-lipoxygenase [4,5,7,12,20]. This 1ndi- 
cates that either (1) free arachidonic acid or linoleic acid are not 
the appropriate substrates or (2) that epidermis-specific cofactors 
or post-translational modifications [21—23] are not provided on 
expression of the recombinant protein in HEK-293 cells. The 
leucocyte-type (12.5)-lipoxygenase oxygenated linoleic acid with 
approx. one-tenth the efficiency of arachidonic acid. In this 
respect, the mouse enzyme resembled the bovine analogue, 
whereas the pig analogue was reported to oxygenate linoleic acid 


absorbance ata = 236 nm [mV] 
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Figure 4  Chiral-phase HPLC of the reglotsomerte HODEs formed by (125)- 
Hpoxygenase Isoenzymes expressed In HEK-293 cells 


The $- and 13-HODE eluates were subjected to chiral-phasa chromatography by using a Chiracel 
column (250 mm x46 mm, 5,um particle size) with n-hexane/propan-2-ol/acetic acid 
(89.1.0.05, by vol.) for the elution of the A and S enantiomers of 13-HODE and with n- 
hexane/propan-2-ol/acetic acid (97 5:25 005, by vol) for the elution of the A and S 
enantiomers of 9-HODE Authentic (135)- and (85)-HODE and the corresponding A enanhomers 
were used as external standards and were eluted at a flow rate of 0 5 mi/min For platetettype 
and epidermis-type (12.5)-lipoxygenasss, the HODE chromatograms were performed by 
pooling several 9-HODE fractions obtained by straight-phase HPLC (A) Leucocyte-type 12(5)- 
lipoxygenase, (B) platelet-type 12(5)-lipaxygenase and (C) epidermis-type 12(Sipoxygenase 


Table 4 Chtral-phase analysis of the reaction products of (12S)- 
lipoxygenase Isoenzymes with Iinoleic acid as substrate 


Chiral-phasa analysis was done with HODE frachons obtained by straight-phase HPLC (see 
Figure 4) with a Chiracel column (for details see the legend to Figure 4) (134), (135-, (9A) 
and (95)-HODE (100 ng of each) were used as external standards The concentrations of S 
and A enantiomers were determined from the peak areas and used to determina the ratios, the 
sum of which was set at 100% 


Chirality of HODE (3X) 
(12.5}-Lipoxypenase type 13S 137 9S°9R 
Loucocyle 97 3 65:35 
Platelet 95 5 25 75 
Epsdermis 93 7 24.76 
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Table 5 Inhibition by BHPP of (125)-lpoxygenase Isoenzymes with 
araehklonic acid or lipoleic acid as sabstrate 
ICs, (M) 
(125)-Lipoxygenase type Arachidonic acki Linolelc acid 
Leucocyte 208 23 
Platelet 08 03 
Epidermis 37 07 
Table 6 inhibition by CDC of (125)-fipoxygenase isosmzymes with 
arachidonic acid or linolelc acid as substrate 
ICs (uM) 
(125)-Lipoxygenase type Arachidonic acid Linoleic acid 
Leucocyte > 50 23 
Platelet 03 §2 
Epidermis 36 67 





at least as efficiently as arachidonic acid [8]. The mouse platelet- 
type (12S)-lipoxygenase also showed considerable enzymic ac- 
tvity with linoleic acid as substrate, whereas the bovine and 
human analogues were reported to exhibit low and undetectable 
activity respectively [8]. 

The leucocyte-type enzyme was unique among the three (125)- 
lipoxygenase isoenzymes in that it exhibited a promiscuous 
positional specificity, generating considerable quantities of 15- 
HETE and 8-HETE as by-products. Dual positional specificity 
has been previously shown for the pig and the mouse leucocyte 
(125)-lipoxygenases [8—10,16] as well as for the rabbit and human 
reticulocyte-type (15S)-lipoxygenases [24,25], which are con- 
sidered to be the corresponding orthologues- of the mouse 
leucocyte-type (125)-lipoxygenase [8]. The platelet-type (12.S)- 
lipoxygenase generated only small quantities of 8-HETE as a 
side product. In previous studies the human platelet-type (12.5)- 
lipoxygenase was shown to generate small quantities of 15- 
HETE, whereas the mouse analogue was reported to be mono- 
specific [8-10]. The epidermis-type isoenzyme inserted molecular 
oxygen exclusively into the 12-position of arachidonic acid. With 
linoleic acid as substrate the leucocyte-type and platelet-type 
isoenzymes generated 13-HODE and 9-HODE in the ratio of 
approx. 50:1 and the epidermis-type (12S)-lipoxygenase in the 
ratio of approx. 3:1. 

Whereas the main products, 12-HETE and 13-HODE, gener- 
ated by the three (128)-lipoxygenase isoenzymes were almost 
exclusively S enantiomers, the chirality of the by-products 
differed with the isoenzyme. Thus (15S)-HETE and (8S)-HETE 
were generated by leucocyte-type (12S)-lipoxygenase and (8R)- 
HETE by platelet-type (125)-lipoxygenase; linoleic acid was 
oxygenated to (9 R)-HODE by both the epidermis-type and the 
platelet-type (12.8)-lipoxygenases but to the S enantiomer by 
the leucocyte-type enzyme. 

The positional and enantiomeric specificity of (125)- 
lipoxygenases might cast light on mechanisms involved in the 
catalytic process. On the basis of biochemical [26,27], X-ray 
[28-30] and spectroscopic analyses [31], models have been 
proposed that predict the product spectrum of lipoxygenases 
[32-34]. The initial, rate-limiting step of the lipoxygenase reaction 
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Figure 5 Positional selectivity and steroossiectivity of the (125)-lipoxygenass reaction with arachidonie acid as substrate 


The 1,4-cés-pentadiene unit with the bis-allylic C-10 binds to the activa centre of the enzyme Abstraction of hydrogen 10 with the 1 configuration directs oxygen insertion into the 12 Ls or 8 La 
position and the hydrogen with the 10 o configuration into the 12 Dg or 8 Dg (not shown) position of arachidonic acid Oxygen insertion into the 15 Ls position requires the abstraction of hydrogen 


13 with the L configuration 


is the abstraction of one of the two bis-allylic methylene 
hydrogens from one (or two different) 1,4-pentadiene structure(s) 
followed by a rearrangement of the intermediate pentadienyl 
radical driven by a Z,E-diene conjugation, and the stereospecific 
(antarafacial) addition of molecular oxygen to one of the two 
possible radical carbons. The intermediate peroxide radical is 
then reduced by the addition of a hydrogen atom to the 
corresponding hydroperoxy fatty acid. 

As far as (12S)-lipoxygenase is concerned, isotope tracer 
experiments have shown that the hydrogen with the L con- 
figuration at C-10 of arachidonic acid is removed and oxygen is 
directed into the 12 L, position, yielding (12S)-HpETE as the 
major primary product [26]. The generation of regioisomeric by- 
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products can be due either to oxygen insertion into one of the 
mirror-image-specific carbons of the intermediary pentadienyl 
radical or to a double regiospecificity in that hydrogen abstraction 
occurs from two different bis-allylic methylene groups (Figure 5). 
Thus the generation of (8R)-HpETE by platelet-type (125) 
lipoxygenase might result from oxygen insertion into the 8 L, 
position instead of .the mirror-image-specific 12 L, position, 
yielding a product with an inverse chirality (Figure 5) (see also 
[35], whereas the formation of (8S)-HpETE by leucocyte-type 
(12S}-lipoxygenase is compatible with the removal of the 10 D 
hydrogen, directing oxygen to the 8 D, position. In fact, the 
epidermal 8-lipoxygenase generating (8S}HETE as the main 
product has been shown to abstract the 10 D rather than the 


10 L hydrogen [36]. With linoleic acid as a substrate, leucocyte- 
type, platelet-type and epidermis-type (12.8}lipoxygenases pro- 
duced (13$)-HpODE and (9 R)-HpODE as by-products, most 
probably through abstraction of the 11 L hydrogen, which directs 
oxygen insertion into the 13 L, or 9 L, position. In contrast, the 
formation of (9.5)-HpODE required the abstraction of hydrogen 
li D. 

Provided that in all (12.S)-lipoxygenase isoenzymes hydrogen 
abstraction is occurring at the same site of the substrate-binding 
cavity, the mutual removal of either the L or p hydrogen is 
possible only under two conditions: (1) the substrate can be 
twisted by 109°, corresponding to the tetrahedral angle, thus 
permitting the abstraction of either the L or D hydrogen, or (2) 
the orientation of the fatty acid in the substrate cavity can have 
two orientations, i.e. a terminal methyl group (‘tail-first’) or a 
carboxy group ( head-first’) towards the centre of the enzyme, 
a concept previously put forward by Brash et al. [35]. Thus the 
product spectra of the three (12.S)-lipoxygenase isoenzymes might 
be explained by a ‘tail-first’ positioning of arachidonic acid and 
a binding pocket of differing volumes, permitting the regiospecific 
positioning of the bis-allylic methylene groups with respect to the 
site of hydrogen abstraction. An exception is the generation of 
(8S)HETE and (9S)-HODE by the leucocyte-type (12) 
lipoxygenase and (8)-lipoxygenase because it requires an op- 
posite orientation (‘head-first’) or a twisted fixation of the 
substrate in the binding cavity. 


We thank Ina Kutchera and Brigitte Stelnbauer for excellent technical assistance This 
project was supported by a grant from the Deutsche Krebshilfe, Bonn, Germany 
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Expression of an active form of recombinant Ty1 reverse transcriptase in 
Escherichia colf: a fusion protein containing the C-terminal region of the 
Ty1 integrase linked to the reverse transcriptase-RNase H domain exhibits 


polymerase and RNase H activities 


Marcelle WILHELM, Mansour BOUTABOUT and Francois-Xavier WILHELM' 
Unité Propre de Recherche 9002 du Centre National de la Recherche Scientifique, institut de Biologie Moléculaire et Cellulaire, 15 rue René Descartes, 


67084 Strasbourg Cedex, France 


Replication of the Saccharomyces cerevisiae Tyl retrotransposon 
requires a reverse transcriptase capable of synthesizing Tyl 
DNA. The first description of an active form of a recombinant 
Ty1 enzyme with polymerase and RNase H activities is reported 
here. The Tyl enzyme was expressed as a hexahistidine-tagged 
fusion protein ın Eschertchia coli to facilitate purification of the 
recombinant protein by metal-chelate chromatography. Catalytic 
activity of the recombinant protein was detected only when 
amino acid residues encoded by the integrase gene were added to 
the N-terminus of the reverse transcriptase-RNase H domain 
This suggests that the integrase domain could play a role in 
proper folding of reverse transcriptase Several biochemical 
properties of the Tyl enzyme were analysed, including the effect 


INTRODUCTION 


The genome of the yeast Saccharomyces cerevisiae contains five 
families of long-terminal-repeat (LTR) retrotransposons, Tyl- 
Ty5 [1] They are structurally and functionally similar to 
eukaryotic retroviruses [2,3] The Tyl elements have a length of 
5.9 kb, and consist of a large internal domain composed of two 
overlapping open reading frames, TyA and TyB, analogous to 
the retroviral gag and pol genes, flanked on either side by direct 
long terminal repeats. The life cycle of Ty elements begins with 
transcription of the integrated retrotransposon DNA. The Ty 
transcript is then packaged into the intracytoplasmic virus-like 
particles (VLPs) where it is converted into double-stranded DNA 
by the process of reverse transcnption [4,5]. Both strands of the 
retrotransposon DNA are synthesized by the retrotransposon 
reverse transcriptase (RT) which is able to utilize both RNA and 
DNA as template and requires primers to initiate DNA synthesis. 
A specific host tRNA is used as a primer to initiate minus-strand 
cDNA synthesis and an RNase H (RH)-resistant oligoribo- 
nucleotide spanning a purine-rich sequence is used to prime plus- 
strand-DNA synthesis. RT activity has been demonstrated in 
VLPs purified from cells overproducing Ty1 elements. Attempts 
to obtain a soluble fraction of Ty] RT from VLPs or to clone an 
active recombinant enzyme have been unsuccessful until now. 
In the present paper we describe the expression, purification 
and initial biochemical characterization of an active recombinant 
Ty1 RT. DNA fragments encoding the RT open reading frame 
were synthesized by PCR and cloned into an Escherichia coli 
expression vector. We demonstrate that a fusion protein Tyl 


of MgCl,, NaCl, temperature and of the chain terminator dideoxy 
GTP on its polymerase activity. RNase H activity was examined 
by monitoring the cleavage of a RNA-DNA template-primer. 
Our results suggest that the distance between the RNase H and 
polymerase active sites corresponds to the length of a 14- 
nucleotide RNA-DNA heteroduplex. The recombinant protein 
produced in E. coli should be useful for further biochemical and 
structural analyses and for a better understanding of the role of 
integrase in the activation of reverse transcriptase. 


Key words: polymerization, retrotransposon, sequence com- 
parison, template-primer, yeast. 


integrase (IN)-RT-RH with a 115-amino-acid C-terminal frag- 
ment of the Tyl integrase fused to the N-terminus of the RT-RH 
domain exhibits significant polymerase and RH activities. We 
have compared the biochemical features of the recombinant 
protein with the equivalent features of the Tyl VLP-associated 
enzyme. 


EXPERIMENTAL 
Construction of E. coli plasmids expressing Ty1 proteins 


The E. colt expression vector p6H (kindly given by S. Le Grice, 
NCI-Frederick Cancer Research and Development Center, 
Frederick, MD, U.S.A.) which encodes a hexahistidine array 
(His-tag) at the N-terminus of the recombinant proteins was used 
to clone the Ty! RT [6]. The RT-RH domain spanning nts 
3946-5562 of the Ty1-H3 coding sequence [7] and the three 
IN-RT-RH constructs spanning nts 3868—5562 (construct 1), 
nts 3601—5562 (construct 2) and nts 3511—5562 (construct 3) of 
the Ty1-H3 were amplified by PCR and cloned into the p6H 
vector. 

The same 3' amplification primer was used for all constructs. 
It contained a Sall site and was complementary to the 3’ terminal 
coding sequence (including the stop codon) of the TyB open 
reading frame (ORF) (5'-ACGCGTCGACCTAATGAATCC- 
ATTTG-3’). Different 5’ amplification primers were used to 
amplify the RT-RH and IN-RT-RH domains. All 5’ primers 
contained a BamHI site. They differed by the coding sequence for 
the N-terminal amino acids: 5-CGCGGATCCGCTGTAAAA- 


Abbreviations used. RT, reverse transcnptase, RH, RNase H; LTR, long terminal repeat, VLP, virus-like particle, IN, integrase; His-tag, hexahistidine, 
ORF, open reading frame, PR, protease; dd, dideoxy; HTLV-1, human T-cell leukaemia virus Type 1 
! To whom correspondence should be addressed (e-mail wilhelim(giibmc u-strasbg fr) 
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Figure 1 Purification of hexahistidine-tagged recombinant Ty1 IN-RT-RH 
(construct 2) by Ni**-nitrilotriacetic acid~agarose affinity chromatography 


SDS/PAGE analysis of the proteins eluted from the affinity column by increasing concentrations 
of imidazole (80, 100, 200 and 300 mM) is shown. Lane M, molecular-mass markers (indicated 
in kDa on the left}: lanes FT, flow-through fractions. The calculated molecular mass of the 
His,—IN—RT--RH (construct 2) fusion protein is 76.4 kDa. 


GCAGTAAAATC-3’ (RT-RH), 5-CGCGGATCCTCACGA- 
GACACATGGAATACTAAG-3’ (IN-RT-RH construct 1), 5- 
CGCGGATCCAATAATTCATCGCACAATATTO-3  (IN- 
RT-RH construct 2) and 5-CGCGGATCCAACAACAAAA- 
CTGTTCCGCAG-3 (IN-RT-RH construct 3). The PCR ampli- 
fication products were gel-purified, digested with BamHI and 
Sall and ligated into BamHI-Sa/l-digested p6H vector. Recom- 
binant plasmids were introduced into component E. coli MIS 
cells. 


Expression and purification of recombinant proteins 


The Tyl recombinant proteins containing a short array of 
histidine residues at their N-terminus were expressed in E. coli 
and purified by Ni?' nitrilotriacetic acid-agarose (Qiagen) affinity 
chromatography as described by Le Grice et al. [6] (Figure 1). 
We did not expect that the His-tag would inhibit the activity of 
Ty! RT, since, in all cases studied so far, it has been observed 
that inclusion of a polyhistidine extension in recombinant RTs 
has no deleterious effect on their polymerase or RH activities 
[6.8.9]. 


Purification of Ty1 VLPs 


Tyl VLPs were isolated from the yeast strain AGY9 (MATa 
leu2A1 ura3-52 trpl A63 his4-539 lys2-801 spt3-202) transformed 
with plasmid pJEF1105 [4.10]. The yeast strain and the plasmid 
were kindly provided by J. D. Boeke (Department of Molecular 
Biology and Genetics, Johns Hopkins University, Baltimore, 
MD, U.S.A.) Tyl VLPs were purified by using the method 
described by Eichinger and Boeke [4]. RT activity was assayed in 
purified VLP preparations with added exogenous poly(rC),- 
oligo(dG),, ,,: 4 1 of purified VLPs were mixed with 16 yl of 
assay mix and incubated for 60 min at room temperature (22- 
24°C). The standard assay mix (20,1) contained final 
concentrations of 50mM Tris/HCl, pH 7.8, 40mM KCI, 
20mM MgCl, 0.05?, Nonidet P40, 0.15 4M dGTP, 8 mM 
2-mercaptoethanol, 0.01 unit of poly(rC),-oligo(dG),, ,, (where 
[a-?P]dGTP. Incorporation of **P-radiolabelled dGTP into 
high-molecular-mass poly(dG) was determined by scintillation 
counting. Aliquots of the reaction mixture were spotted on to 
DESI filters (Whatman). The filters were washed three times in 
5% Na,HPO, to remove unincorporated [«-**P]dGTP, washed 
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once in deionized water and dried after one ethanol wash (75°, 
ethanol, 0.15 M NaCl). 


RNA labelling, RNA template-DNA primer annealing and RH 
assay 


A 31I-nt single-stranded RNA template was prepared by T7 
polymerase in vitro transcription of Rsal-digested pJCB plasmid 
(kindly given by F. Brulé, Institut de Biologie Moleculaire et 
Cellulaire, Strasbourg. France). The transcript consists of 311 nt 
of the 5’ terminal region of HIV-1 RNA starting at the first 
nucleotide of the genomic RNA [11]. The RNA was radiolabelled 
by adding [a-?P]UTP to the reaction mixture and purified by 
electrophoresis on a 8°, denaturing polyacrylamide gel. RNA 
was eluted from the excised gel slices with 0.5 M ammonium 
acetate/1 mM EDTA. The 35-nucleotide chemically synthesized 
RNA (kindly given by L. Jaeger, Institut de Biologie Moleculaire, 
Strasbourg, France) was labelled at the 5’ terminus with *P 
using [y- P]ATP and T4 polynucleotide kinase. An alkaline 
ladder was prepared by treating the 5’-labelled RNA with sodium 
carbonate (0.1 M, pH 9) for 4 min at 90 "C. 

To prepare the RNA template-DNA primer duplex used in 
RH assay, a 3 M excess of DNA primer was hybridized with the 
RNA template in a buffer containing 50 mM Tris/HCl, pH 7.8, 
15 mM NaCl and 8 mM 2-mercaptoethanol. The mixture was 
heated at 90 ^C for | min and then incubated for 5 min at 70 °C 
and 10 min at 42 °C. RH cleavage was initiated with MgCl, at a 
final concentration of 20 mM. After addition of the Tyl or 
HIV-1 enzyme the samples were incubated for 10 min at 23 ^C. 
The reaction was stopped by addition of formamide sample 
buffer. The products of the reaction were analysed on denaturing 
895 or 15%, (w/v) polyacrylamide gels. 


RT assay of purified recombinant proteins 


The purified Ty proteins were tested for RT activity by following 
the poly(rC),-oligo(dG),, ,, directed incorporation of [a- 
3? PIdGTP. Unless otherwise stated, assay mix (20 yl) contained 
final concentrations of 50 mM Tris/HCl, pH 7.8, 15 mM NaCl, 
20mM MgCl, 0.15 4M dGTP, 8mM 2-mercaptoethanol, 
0.01 unit of poly(rC) -oligo(dG),, ,, and 1 «Ci of [a-?P]dGTP. 
Incubation was for 30min at 23°C. Incorporation of * P- 
radiolabelled dGTP into high-molecular mass poly(dG) was 
determined as described above. 


RESULTS AND DISCUSSION 
Expression and purification of recombinant Ty1 RT 


The enzymes essential for the replication and transposition of 
Tyl elements are encoded by the TyB ORF (Figure 2). Coding 
domains for a protease (PR), an IN and RT-RH have been 
identified on the TyB gene. The TyB-encoded proteins are 
synthesized as part of a 190 kDa TYA-TYB precursor. The 
order of the protein domains on the TYA-TYB precursor is 
TYA-PR-IN-RT-RH. The TYA, PR, IN and RT-RH poly- 
peptides are cleaved from the TY A-TY B polyprotein by the Tyl- 
encoded PR. The cleavage sites between TY A and PR, PR and 
IN, and IN and RT-RH have been characterized. [12-14]. 
Moore and Garfinkel [15] have reported that the 5' end of the 
RT-RH coding region starts at position 3946 of the trans- 
criptionally active Tyl-H3 element [7]. The RT-RH coding 
region ends at the stop codon located at the 3° end of the TyB 
ORF (nt 5562). Consequently we cloned the RT-RH coding 
region extending from nt 3946 to nt 5562 into the p6H E. coli 
expression vector. The recombinant RT-RH protein was 
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Figure 2 Map of Ty1 showing sites and co-ordinates relevant to the 
present study 


(A) The Tyi genome contains two LTRs (>) flanking two partially overlapping open reading 
frames, TyÀ and TyB, which are analogous to the retroviral gag and pof genes The 
transcniptionally active Ty1-H3 element fs 5918 bp in length The LTRs are 334 bp in length 
The frameshift region separating TyA and TyB is indicated by a vertical line The postions of 
the nucleotides at the 5’ end of tha four constructs used in this study are mdicated (B) 
Transenpbon of the Ty! element ylelds a major transcript of 5.7 kb (C) The Tyi RNA is 
translated to form two transiahon products, TYA and the TYA-TYB readthrough protein The 
TYA-—TYB protein contains TYA, a PR, an IN and a RI-RH domain TYA and TYA~TYB are 
cleaved by the Tyf PR to yeld mature proteins. The cleavage sites are indicated by arrowheads 
(A). 


expressed, purified, and assayed for RT activity as described in 
the Experimental section. We found that the purified RT-RH 
protein encoded by nts 3946—5562 did not show any polymerase 
activity. 

Several reports have implicated a role of the IN domain in the 
enzymic activity of some retroelement RTs [9,16,17]. We there- 
fore constructed three IN-RT-RH fusion recombinant proteins 
containing fragments of the C-terminal region of the Tyl IN 
attached to the N-terminus of the RT-RH domain: construct 1 
had 26 residues from the IN C-terminal region fused to the 
RT-RH domain. One of the nuclear localization signals of Tyl 
IN identified by Kenna et al. [18] and Moore et al. [19] was 
included in the N-terminal extension. Constructs 2 and 3 had 115 
and 145 residues from the IN C-terminal region fused to the 
RT-RH domain respectively. The N-terminal region of con- 
structs 2 and 3 ends at an NN motif, which could be a cleavage 
recognition site for the Tyl PR. The three IN-RT-RH fusion 
proteins were expressed in E. coli and assayed for polymerase 
activity. Constructs 2 and 3 showed a high DNA polymer- 
ase activity, whereas construct 1 was inactive. In the experiments 
described below we used construct 2, which is the shortest 
protein with a high DNA polymerase activity, to characterize 
some biochemical features of the Tyl RT. 


"i 


Polymerase activity of the recombinant Ty1 IN-RT—RH enzyme 


Four parameters of the RT polymerase activity were assessed 
using construct 2 of recombinant Tyl IN-RT-RH and were 
compared with those of Tyl VLP-associated enzyme. These 
parameters included the bivalent-cation requirement, the effects 
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Figure 3 Effect of MgCl, NaCi, temperature and dd@TP on the polymerase 
activity of purified recombinant Ty1 IN-RT-AH protein and VLP-assoclated 
enzyme 

Polymerase activity was measured as descnbed in the Expenmental section For the 
recombinant protein, 100% activity ts equal to 90 pmol of dGTP Incorporated/;g in 30 min 
For the VLPs, 100% actrity ts equal to 5 pmol of dGTP Incorporated m 30 min for 4 zl of 
sucrose-gradient-purified VLPs 


of NaCl and temperature on enzymic activity, and the sensitivity 

to inhibition by the chain terminator dideoxy GTP (ddGTP). 
The Ty1 RT requires bivalent cations for optimal activity. The 

effect of Mg** and Mn** on the activity of Tyl RT was examined. 
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Figure 4 RH activity of the Ty1 IN-RT-RH protein 


An internaity °*P-labelled 311 nt RNA template was hybridized with a molar excess of 18 nl 
DNA oligonucieotide primer and incubated with Tyt enzyme as described in the Experimental 
section. The products of the reaction were analysed on a denaturing 8%-polyacryiamide gel. 
Polymerase-dependent cleavage by RH produced the expected 5' fragment of 178 nt and 3' 
fragment of 118 nt. Arrows indicate the positions of these fragments. A prominent polymerase- 
independent or non-specific cleavage product is also visible on the gel. A mock-treated RNA 
is shown in lane 1. 


We found that the enzymic activity with Mg?* was about threefold 
that with Mn?* (results not shown). Therefore, in common with 
all other RTs studied, the Tyl protein shows a preference for 
Mg” over Mn?*. The Mg” response curve illustrated in Figure 3 
demonstrates that the recombinant and VLP-associated enzymes 
have an absolute requirement for a bivalent cation. The recom- 
binant enzyme exhibited a maximal activity at 20 mM Mg”. 
which decreased rapidly at higher Mg?* concentrations. The 
activity of the VL P-associated enzyme was almost maximum at 
20 mM Mg", but did not decrease when the Mg** concentration 
was increased to 30 or 40 mM. 

The effect of NaCl on the polymerase activity of recombinant 
and VLP-associated enzyme is shown in Figure 3. Both enzymes 
were inhibited by increasing concentrations of NaCl, but the 
VLP-associated enzyme was not inhibited to the same extent as 
the recombinant enzyme. 

The polymerase activity of the recombinant enzyme was 
optimum at temperatures between 15°C and 25°C. The same 
temperature optimum was observed for the polymerase activity 
in VLPs (Figure 3). The low temperature optimum of the Tyl 
enzyme can probably be correlated to the temperature-sensitivity 
of the Tyl transposition process. 

RTs are known to be sensitive to ddNTPs, which act as chain 
terminators. The effect of increasing concentrations of ddGTP 
on poly(rC),-oligo(dG),, ,,-directed polymerization of **P- 
labelled dGTP was tested. The titration curves shown in Figure 
3 demonstrate that ddGTP is a strong inhibitor of Tyl RT. In 
common with RTs from other eukaryotes, both recombinant and 
VLP-associated RTs were inhibited at low ddGTP concentration. 
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Figure 5 Interplay between the RH and polymerase active sites 


A 35 nt-long RNA was annealed with a 28 nt-iong complementary DNA primer; the DNA primer 
is shown in bold letters (A). The RNA template was radiolabeled at the 5' end. The RNA~DNA 
heteroduplex and the Tyt or HIV-1 enzyme were incubated (with or without dNTPs) to induce 
RH cleavage. In the presence of dATP and dTTP the primer was extended by 4 nt. The sites 
of cleavage by the Ty1 enzyme are indicated by arrows in (A). The cleavage products analysed 
on a denaturing 15%-polyacrylamide gel are shown in (B). Lane L, alkaline hydrolysis of the 
RNA tempiate. HIV-1 or Ty] enzymes were incubated with tempiate-primer without any added 
GNTPs (' — dNTP’). The size of the main cleavage products are 22 nt and 16 nt for HIV-1 and 
Tyt enzymes respectively. HIV-1 or Ty! enzymes were incubated with template—primer, dATP 
and dTTP (--dNTP). The original 18 nt band and a 14 nt band are observed for the Tyl 
enzyme. Cleavage bands at 22, 21, 20 and 19 nt are observed for the HIV-1 enzyme. 


RH activity of the recombinant Ty1 IN-RT-RH enzyme 


The RH activity of Tvl enzyme was examined by monitoring the 
cleavage of an internally labelled 311 nt RNA transcript annealed 
to a complementary 18nt oligodeoxyribonucleotide. The 


RH cleavage, as described in the Experimental section. Analysis 
of the RNA cleavage products on a denaturing gel showed that 
efficient cleavage was obtained with the recombinant Tyl 
IN-RT- RH enzyme (Figure 4). 

Next we analysed the interdependence between the RH and 
polymerase active sites of the Tyl enzyme. To this end we used 
a 3$ nt RNA template-28 nt DNA primer as substrate (Figure 
5). The resulting complex contained a recessed 3’-terminus of 
DNA primer and four single-stranded RNA template bases. The 
5' end of the RNA was radiolabelled to allow one to reveal the RH 
cleavage products by gel electrophoresis. As shown in Figure 
S(B) € - dNTP ), RH cleavage of the Tyl enzyme was specific 
for the RNA phosphodiester bond between nts 14 and 15 
downstream from the nucleotide complementary to the 3° ter- 
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HIV 101-KKKSVIVLDVGDAYVSVPLDEDFRKYTAFTIPSINNETPGIRYQYNVLPQGWRKGSPAIFQSSMTKMLEPFKRQNPD 
Tyl 117-NNYYITQLDISSAYLYADIKEELYIRPPPHLGMNDKLIRLKKSLYGLKQSGANWYETIKSYLIQQCGMEEVRGWSC 
um su 
Polymerase 
C E domain 
HIV IV------ IYQYMDDLYVGSDLEIGQHRTKIEELRQHLLRWGLTTPDKKHQKREPP- ----------- FLWMGYELHPD 
Tyl VFKNSQVTICLEVDDMVLFSKNLN ——————— a = e SNERI TEKLKMQYDTKI INLGESDEEIQYDILGLEIKY Q 
HIV KWIVOQPIVLPEKDSWTVNDIQKLVGKLNWASQIYPGIKVRQLCKLLRGTRALTEVIPLTERAELELAENREILKEPVH 
Tyl RGKYMKLGMENSLTEKIPKLNVPLNPKGRKLSAPGOPGLYIDQDELEIDEDEYKEKVHEMORLIGLASYVGYKFRFDL 
Connection 
HIV | GVYYDPSKDLIAEIQKQGQGQWTIYQIYQEPFKNLKTGKYARMRGAHTNDVKOQLTEAVQKTTTESIVIWGKTPKFKLPI domain 
Tyl . LYYINTLAQHILPFPSRQVLDMTYELIQFMWDTRDKOLIWHKNKPTEPDNKLVAIS----------------------- 
HIV QKETWETWWTEYWQATWIPEWEFVNTPPLVKLWYQLEKEPIVGAETFYV 
Tyl | ---------------2------2--2--------2----------------- 
* * * 
HIV | DGAASRETKLGKAGYVTNKGRQKVVPLITNT- - - ——--TNOXTELQAIYLALQDSG------------- LEVNIVTDSQ 
Ty1 DASYGNQPYYKSQIGNIYLLNGKVIGGKSTKASLTCTSTTEAEIHAISESVPLLNNLSYLIQELNKKPI IKGLLTDSR RNaseH 
domain. 


HIV YALGIIQAQ-PDKSESELVNQIIEQLIKKEKVYLAWVPAHKGIGGNEQVDKLVSAGIRKILMTK-~---~ 
Tyl — STISIIKSTNEEKFRNRFFGTKAMRLRDEVSGNNLYVYYIETKK-NIA-DVMTKPLPIKTFKLLTNKWIH 


Figure 8 Sequence alignment of Ty1 and HIV-1 RTs 


Three domains have been identified the polymerase domain, the connection domain and the RH domain Alignment of the five conserved motifs (A to E, indicated by black bars above the alignment) 
within the polymerase domain was as described by Poch et al. [29] The nearly invariant amino acid residues found in all RNA-dependent polymerases are underlined. The three catalytically essential 
D residues are highlighted by stars The connection domain extends from the last residue in the conserved motif E to the first invanant residue of the RH domain [31] The connection domains 
of HIV-1 and Ty] contain 205 and 133 residues respectively Alignment of the RH domains was as described by McClure [31] The catalytically essential residues are indicated by stars The 
nearly invariant amino acid residues found in all RH domains are underlined The numbers at the beginning of the sequences indicate the number of residues from the N-terminus of the RT-RH 


omitted from the Figure 


minal nucleotide of the primer (the cleaved labelled RNA 
fragment has a length of 18 nt) In comparison, HIV-1 enzyme 
cleaved the RNA between positions 18 and 19, in keeping with 
biochemical and crystallographic data, indicating that, in HIV-1 
RT, the distance between the positions of RH cleavage and 
DNA polymerase active sites is 18-20 bp [20-27]. The effect of 
primer extension on RH cleavage was examined (Figure SB, 
*+dNTP’). When dATP and dTTP were present in the reaction 
mixture, the primer was extended by four nucleotides. 
Interestingly, for the Tyl enzyme, both the originally observed 
RH-cleavage band and a new band four nucleotides shorter were 
obtained. This new band results from RH cleavage of the RNA 
between nts 14 and 15 from the nucleotide complementary to the 
3' terminus of the extended primer. It is a polymerase-dependent 
cleavage site, as defined by Furfine and Reardon [28], since it 1s 
advanced upon primer extension and remains at a fixed distance 
from the extended primer terminus. In the case of HIV-1, the 
originally observed RH cleavage and three additional sites of 
RNA hydrolysis were observed when the primer was extended by 
four nucleotides. The specific cleavage site between nts 18 and 19 
from the nucleotide complementary to the 3' end of the elongated 
primer was not observed. This is ın line with results of Furfine 
and Reardon [28], showing that the RH of HIV-1 does not 
always make all the cleavages upon primer extension. 

Our results have shown that the distance between the RH and 
polymerase active sites of the Tyl enzyme is 14 nucleotides. It is 
four nucleotides shorter than the distance measured for HIV-1 
RT. We suggest that this difference can be explained by a 
difference of structure of the two enzymes. The crystal structure 
of the p66 subunit of HIV-1 RT has shown that the polymerase 


domain is separated from the RH domain by a connection 
subdomain which forms a groove between the two active sites 
and plays a role in binding of the primer-template [22]. Se- 
quence comparison of Tyl and HIV-1 RTs [29-31] shows that 
the connection domain of the Tyl enzyme is shorter than the 
connection domain of the HIV-1 RT (Figure 6). This difference 
could explain the difference of length of primer-template which 
can be accommodated between the active sites of the two 
enzymes. Crystallization of Tyl RT will allow this suggestion to 
be directly tested. 


Concluding remarks 


Replication of retrotransposons and retroviruses requires an RT 
capable of reverse-transcribing the RNA genomes into double- 
stranded DNA. Here we have reported on the expression and the 
purification of Tyl RT with polymerase and RH activities. An 
active recombinant protein could be obtained only after adding 
amino acid residues encoded by the IN gene to the N-terminus 
of the RT-RH domain. This suggests that the interaction be- 
tween the C-terminal region of the IN and the RT-RH domain is 
important for the function of RT. It has been previously reported 
that a 140 kDa IN-RT-RH intermediate was observed during 
maturation of the TY A—TY B precursor. Thusitis possible that an 
interaction between the RT—RH and IN is also necessary for the 
activity of RT in VLPs. A mature 60 kDa protein encoded by 
the RT-RH ORF co-fractionates with Tyl VLPs. The possibility 
that an interaction in trans between this protein and IN is 
necessary for its activity cannot be excluded. Interestingly a role 
for the IN domain in RT activity has been demonstrated by 
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Kirchner and Sandmeyer [16] for S. cerevisiae Ty3 retro- 
transposon; it is noteworthy that a decreased RT activity of 
Ty3 mutant VLPs relative to wild-type was observed for IN 
C-terminal deletion mutants, despite a different TyB gene 
organization (in Ty3 the order of RT-RH and IN domains is 
RI-RH-IN, whereas it is IN-RT-RH in Tyl). There are 
precedents in retroviral systems for RT-RH-IN intermediates in 
the maturation of pol gene products and for the role of integrase 
in RT activity. For example, Trentin et al. [9] have reported 
that the Human-T-cell-leukaemia-virus-Type 1 (HTLV-1) RT 
requires the presence of both RT-RH (a-subunit) and RT- 
RH-IN (f-subunit) for its activity. Since the HTLV-1 RT is not 
active in the absence of the # subunit, the RT-RH-IN can be 
viewed as an integrant part of RT transcriptase. The active 
reverse transcriptase of Rous sarcoma virus, an avian retrovirus, 
is also composed of a- and f-subunits [17]. These results suggest 
that interaction of the RT-RH and IN domains is functionally 
significant and that the IN domain could play a role in the proper 
folding of RT. This could be achieved in cis when the IN domain 
is attached to the RT-RH domain or in frans as part of 
heterodimeric RTs containing a- and f-subunits or by direct 
interaction between the mature IN and RT-RH proteins. 
Ongoing efforts to crystallize the Tyl RT, in addition to 
biochemical and genetic analyses, will help us to understand how 
the polymerase domain of Tyl RT is affected by its interaction 
with the IN domain. 
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Cytochrome c release from isolated rat liver mitochondria can occur 
independently of outer-membrane rupture: possible role of contact sites 
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Percoll-purified rat liver mitochondria were shown to contain 
BAX dimer and rapidly (< 2 min) release 5-10% of their 
cytochrome c when incubated in a standard KCl incubation 
medium under energized conditions. This release was not ac- 
companied by release of adenylate kinase (AK), another inter- 
membrane protein, and was not inhibited by Mg**, dATP, 
inhibitors of the permeability transition or ligands of the per- 
ipheral benzodiazepine receptor. However, release was greatly 
reduced by the presence of 595 (w/v) dextran (40 kDa), which 
caused a decrease in the light scattering (A,,,) of mitochondrial 
suspensions. Dextran also inhibited both mitochondrial oxi- 
dation of exogenous ferrocytochrome c in the presence of 
rotenone and antimycin, and respiratory-chain-driven reduction 
of exogenous ferricytochrome c. Hypo-osmotic medium or 
digitonin treatment of mitochondria caused a large additional 


release of both cytochrome c and AK that was not blocked by 
dextran. Polyaspartate, which stabilizes the low conductance 
state of the voltage-dependent anion channel (VDAC), increased 
cytochrome c release. VDAC and BAX are both found at the 
contact sites between the inner and outer membranes and dextran 
is known to stabilize these contact sites in isolated mitochondria. 
Thus our data suggest that regulation of a specific permeability 
pathway for cytochrome c may be mediated by changes in 
proteimn-protein interactions within contact sites. The adenine 
nucleotide translocase 1$ known to bind to VDAC and thus 
provides an additional link between the specific cytochrome c 
release pathway and the permeability transition. 


Key words: adenylate kinase, apoptosis, BAX, mitochondrial 
permeability transition, VDAC. 





INTRODUCTION 


Mitochondria are now known to play a central role in both 
necrotic and apoptotic cell death (see [1—3]). In necrosis, the 
opening of the mitochondrial permeability transition (MTP) 
pore (MPTP) may well be the point of no return for the cell, since 
once mitochondria have undergone the permeability transition 
they become uncoupled. Not only are they unable to synthesize 
ATP, they actively hydrolyse it, thus preventing glycolysis from 
maintaining ATP supplies [3]. Since ATP is required to maintain 
cellular integrity and repair damage, the cell can no longer 
control its fate and dies by necrosis. In contrast, apoptosis is a 
controlled form of cell death that requires maintenance of cellular 
ATP and mitochondrial function, at least 1n the early stages [4]. 
The role of the mitochondria here appears to be in the release of 
cytochrome c, and probably other apoptosis-inducing factors, 
which initiate or amplify the apoptotic cascade [1,5]. In the 
presence of dATP, the released cytochrome c binds with APAF- 
1 (apoptosis-activating factor 1) and pro-caspase 9 to form a 
complex that leads to the proteolytic activation of pro-caspase 9 
to active caspase 9. This then cleaves pro-caspase 3 to caspase 3, 
which directly or indirectly activates a range of enzymes critical 
for the rearrangement of the nucleus, cytoskeleton and plasma 
membrane that are characteristic of apoptosis [1,2]. 

The release of cytochrome c involves the pro-apoptotic 
members of the Bcl-2 family, such as BAX, BAD and BID, 
whose effects are antagonized by the anti-apoptotic members of 
the family such as Bcl-2 and Bcl-X, [1,2]. It is unclear how these 
proteins interact in order to maintain the required balance 
between cell survival and proliferation on the one hand and 
apoptosis on the other. Proteolytic modifications and phos- 


phorylations of the different Bcl-2 family members have been 
suggested to provide the link between cell-surface receptors and 
stimulation of cytochrome c release (see [2]. In particular, 
activation of members of the tumour-necrosis-factor receptor 
family leads to death-domain-dependent activation of caspase 8 
and it has recently been shown that caspase 8 can proteolytically 
cleave a BID precursor to form active BID, which migrates to the 
mitochondria where it interacts with BAX to cause cytochrome 
c release. This then activates caspase 9 and hence caspase 3, 
which then sets in motion the apoptotic cascade [2]. What 1s still 
unresolved is the mechanism by which BID in association with 
BAX causes the release of cytochrome c from the intermembrane 
space. Two possibilities have been proposed. One is outer- 
membrane rupture caused by either the MPT or some other 
mechanism such as increased mitochondrial potassium uptake 
[6,7]. The second involves BAX, alone or in combination with 
other proteins, forming a specific pathway (channel) for cyto- 
chrome c transport [8-10]. The former mechanism would be 
associated with release of other intermembrane proteins such as 
adenylate kinase (AK), and there are data to suggest that for 
some toxins that induce apoptosis, such as etoposide and 
staurosporin, this may be the case [7,11]. However, breakage of 
the outer mitochondrial membrane is not a very precise mech- 
anism for regulating a sophisticated process such as apoptosis 
and a more specific cytochrome c release mechanism might be 
expected. Indeed, it has been shown that cytochrome c release 
can occur without any sign of mitochondrial swelling and outer- 
membrane breakage; rather mitochondrial shrinkage may be 
observed [12-14]. 

In this paper we investigate the release of cytochrome c by a 
well-characterized liver mitochondrial preparation and dem- 


Abbreviations used’ ANT, adenine nucleotide translocase, AK, adenylate kinase, CsA, cyclosporin A, MPT, mitochondnal permeability transiton, 
MPTP, MPT pore, TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine, VDAC, voltage-dependent anion channel 
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onstrate that cytochrome c can be released rapidly without 
the concomitant loss of AK. This process is reduced greatly in the 
presence of dextran, which maintains inner- and outer-membrane 
interactions at contact sites, and is enhanced by polyaspartate, 
which binds to the voltage-dependent amon channel (VDAC) 
and favours its low conductance state. Since Bcl-2 and VDAC 
are associated with contact sites, these data suggest that a specific 
permeabihty pathway for cytochrome c can open when contact 
sites are disrupted. 


MATERIALS AND METHODS 
Mitochondria 


Male Wistar rats (225—250 g in weight and allowed free access to 
food and water) were used for the preparation of liver mito- 
chondria as described previously [15]. The isolation medium was 
300 mM sucrose/2 mM EGTA/10 mM Tns/HCl/0.5% BSA, 
pH 7.4, and the mitochondria were subjected to Percoll-gradient 
centrifugation to remove microsomal and plasma-membrane 
contamination. Mitochondria were washed in media without 
added BSA and stored on ice in this medium at about 30 mg of 
protein/ml Unless otherwise stated, all subsequent experiments 
were performed within 2 h of isolation. Mitoplasts were prepared 
from mitochondria by removal of the outer membrane by 
digitonin treatment [16]. 


Chemleals 


Leupeptin, antipain, diazepam, protoporphyrin IX and poly-L- 
aspartate were from Sigma-Aldrich (Poole, Dorset, U.K.), Z- 
VAD-FMK (benzyloxycarbonyl-Val-Ala-DL-Asp-fluoromethyl- 
ketone) was from Calbiochem-Novabiochem UK (Nottingham, 
U.K.) and Dextran FP40 (pyrogen-free) and all enzymes and 
cofactors were from Boehringer Mannheim UK (Lewes, East 
Sussex, U K.). Purified mouse monoclonal antibodies against 
cytochrome c and BAX were obtained from PharMingen In- 
ternational (Beckton Dickinson UK, Oxford, U.K.) and Santa 
Cruz Biotechnology (Santa Cruz, CA, U.S.A.) respectively. All 
other chemicals were of the highest purity commercially available. 


Determination of cytochrome c and AK release from mitochondria 


The standard incubation medium (pH 7.2) contained 25 mM 
KCl, 20 mM Mops, 10 mM Tris, 2 mM EGTA, 0.2 uM rotenone, 
1 mM succinate and either sucrose or additional KCl to give the 
desired osmolarity. For iso-osmotic media (300 mosmol/D), ad- 
ditional KCI (100 mM) or sucrose (200 mM) were added. Mito- 
chondria (1 mg of protein) were incubated in 1 ml of medium for 
I min at 25 °C in the presence or absence of 5% (w/v) dextran 
(40 kDa) and other additions as indicated. After incubation 
mitochondria were placed on ice and then pelleted by centri- 
fugation. The supernatant and pellet fractions were subjected to 
SDS/PAGE and analysed by Western blotting using purified 
mouse anti-cytochrome c monoclonal antibody with enhanced 
chemiluminescence detection. Quantification was by densito- 
metry using a commercial scanner and ImageQuant software 
(Molecular Dynamics, Sunnyvale, CA, US.A.). Various film 
exposures were employed to ensure determinations were made 
under conditions in which the response of the film was lmear 
with respect to loading AK activity in the same samples (20 yl) 
was determined spectrophotometrically at 25°C in I ml of 
medium (pH 7.5) containing 130mM KCl, 6mM MgSO, 
100mM Tns/HCl, 0.2 mM NADH, 0.5mM ATP, 0.5 mM 
phosphoenolpyruvate, 0.5 uM rotenone, 7.5 uM oligomycin, 20 
units/ml pyruvate kinase and 20 units/ml lactate dehydrogenase, 
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The reaction was started by adding 0.75 mM AMP and followed 
by the decrease 1n 4,40- 


Polarographic and spectrophotometric determination of 
cytochrome c permeation across the outer membrane 


NADH-cytochrome 5,-dependent oxidation of exogenous cyto- 
chrome c was determined polarographically using a Clarke-type 
oxygen electrode at 30 °C. Mitochondnia (4 mg of protein) were 
suspended in 1 ml of standard KCI or sucrose incubation medium 
without succinate but supplemented with 0.25 mM NADH, 
0.5 uM antimycin A and, when required, 5% (w/v) dextran 
(40 kDa). After a basal rate of oxygen consumption was obtained 


-(1 min), 10 4M cytochrome c was added and the new rate 


determined. For the spectrophotometric determination of ex- 
ogenous cytochrome c reduction, mitochondria (2 mg of protein) 
were suspended in 7 ml of iso-osmotic KCI incubation medium 
without succinate but supplemented with 6 uM cytochrome c 
and, when required, 5 95 (w/v) dextran (40 kDa). The suspension 
was divided between two cuvettes and incubated at 25°C in a 
split-beam spectrophotometer with continuous monitoring of 
Asso. At the required time 1 mM succinate, 1 mM KCN and 
0.12 mM N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) 
were added to the sample cuvette only. 


Measurement of the permeability transition and changes in 
mitochondrial conformation 


Mitochondria (1 mg of protein) were incubated at 25°C in 
3.5 ml of standard iso-osmotic KC] medium but containing only 
0.5 mM EGTA, which was absent for MPT assays, and other 
additions as required. Light scattering (4,,,) was used to monitor 
changes in mitochondrial volume or conformation as described 
previously [15]. 


Protein assay 


Protein was determined by the Bradford method using BSA as a 
standard. 


Statistics 


Results are expressed as means+S.E.M. and statistical sig- 
nificance calculated using a two-tailed Student's 1 test. 


RESULTS 


In the absence of a colloidal osmotic support, isolated 
mitochondria rapkily release cytochrome c 


Isolated rat liver mitochondria were incubated at 25 °C under 
energized conditions in a standard 1so-osmotic medium con- 
taining physiological concentrations of K* (125 mM KCl) 
designed to mimic conditions m vivo. Following the required 
period of incubation the release of cytochrome c was determined 
by sedimentation of the mitochondria and analysis of the 
cytochrome c content of the supernatant and pellet by SDS/ 
PAGE and Western blotting. In Figure 1(A) we show that after 
2 min in KCl medium (300 mosmol/]) about 5-694 of the total 
mitochondrial cytochrome c was detectable in the supernatant. 
This increased to about 20% in hypotonic medium (50 
mosmol/l), which would be expected to cause mitochondrial 
swelling and outer-membrane rupture. In Figure 1(B) we show 
that a similar amount of cytochrome c was released by disruption 
of the outer membrane by digitonin treatment. In these exper- 
iments the release of AK was determined enzymically and this 
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Figure 1 Release of cytochrome c by isolated rat liver mitochondria 
incubated in KCl medium 


Mitochondria (1 h post-isolation) were incubated at 25 °C in KCI medium for the times indicated 
before sedimentation of mitochondria by centrifugation, as described in the Materials and 
methods section. Where indicated the medium also contained 0.12 mg/m! digitonin (DIG) 
and 5% (w/v) dextran (40 kDa). The cytochrome c content of the supernatant (S) and (in A) 
mitochondrial pellet (P) was determined by Western blotting following SDS/PAGE. The 
percentages shown below (A) represent the percentage of the total mitochondrial cytochrome 
€ found in the pellet and supernatant fractions. In (D) cytosol (past-mitochondrial supernatant 
clarified by centrifugation at 100000 g for 15 min) and mitochondria (15 HQ of protein per 
track) were separated by SDS/PAGE and the presence of BAX revealed by Western blotting. 


also was increased substantially by both hypo-osmotic and 
digitonin treatments. These experiments also suggested that 
relatively more cytochrome c was released in normal KCl medium 


than was AK. In Figure 1(C) we show the time course of 


cytochrome c appearance in the supernatant, which was found to 
be maximal within 2 min and thereafter declined. This decline 
might have been due to proteolysis, although in three separate 
experiments addition of the proteinase inhibitors leupeptin and 


antipain (both at 4 (g/ml) to the incubation medium gave little 
reduction in the loss of cytochrome c. 


Cytochrome c release is not accompanied by outer-membrane 
rupture 


The rapid release of mitochondrial cytochrome c could reflect a 
specific release mechanism involving pro-apoptotic members of 
the Bcl-2 family known to stimulate cytochrome c release such as 
BAX. Indeed, using anti-BAX antibodies we were able to 
demonstrate the presence of the dimeric (active) form of the 
protein (46 kDa) in mitochondria, as illustrated in Figure (D). 
Relatively little of the monomeric form of BAX (23 kDa) 
was detected in mitochondria, although this form of BAX was 
present in the cytosol. The stability of the dimeric form of BAX 
during SDS/PAGE despite the denaturing conditions has been 
observed by others [17,18] and is not uncommon for proteins 
with hydrophobic membrane-spanning domains [19]. However, 
it might appear more likely that the cytochrome c release we 
Observed was due merely to the instability of the outer membrane 
in our incubation medium. This possibility was investigated by 
comparing the release of cytochrome c and AK from mito- 
chondria incubated in both KCl and sucrose media of varying 
osmolarity. Since cytochrome c binding to the inner membrane 
IS known to decrease at higher ionic strengths. the use of both 
media was important to discriminate between the potential 
effects of decreasing ionic strength and osmolarity. In addition, 
we also investigated the effects of 5°, (w/v) 40 kDa dextran on 
cytochrome c release in order to mimic the colloidal osmotic 
pressure by cytosolic proteins. The media routinely employed for 
incubating mitochondria in vitro usually lack such colloidal 
osmotic support, which may be important to prevent osmotic 
swelling of the intermembrane space. 

The data of Figure 1(C) demonstrate that 5°,, (w/v) dextran 
(40 kDa) does indeed cause a substantial inhibition of cytochrome 
c release when mitochondria were incubated in KCl (125 mM} 
medium. However, the data of Figure 2(A) and Table | suggest 
that this effect does not merely reflect a reduction in the swelling 
of the intermembrane space and outer-membrane rupture since 
the release of AK remains unaffected by the presence of dextran. 
In contrast, when mitochondria were swollen by progressively 
decreasing the osmolarity of the incubation medium, AK was 
released, whether or not dextran was present, and was ac- 
companied by additional release of cytochrome c (Figure 2). As 
treatment, which specifically permeabilizes the outer membrane. 
Very much less cytochrome c release was observed when mito- 
chondria were incubated in iso-osomotic medium containing 
only 25 mM KCl (with sucrose providing the remainder of the 
osmouc support) although AK release was similar to that 
observed in KC] medium (see Figure 2B). However, extensive 
release of both cytochrome c and AK was still obtained in this 
medium when swelling was induced by reducing the sucrose 
concentration. These data imply that the greater release of 
cytochrome c observed in iso-osmotic KCl medium than sucrose 
medium does not merely reflect less tight binding of cvtochrome 
c to the inner membrane. The release of cytochrome e from 
mitochondria was slightly greater when mitochondria were stored 
on ice for longer periods. Thus after 2h on ice, subsequent 
incubation of mitochondria for 2 min in KCl medium caused a 
58 -12",5 (meant S.E.M. of nine different mitochondrial pre- 
parations) greater increase in cytochrome c release than after 1 h 
on ice. However, AK release was also increased by 31 +7% 
under the same conditions, suggesting that some damage to the 
outer membrane may also be occurring with time. The ability of 
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Figure 2 The effect of osmolarity on cytochrome c and AK release from isolated mitochondria in the presence or absence of dextran 


isolated mitochondria (1 mg of protein) were incubated for 1 min at 25 °C in standard medium containing 25mM KCI (see the Materials and methods section) in the presence or absence of 5% 
(w/v) dextran and increasing amounts of KCI (A) or sucrose (B) to vary the osmolarity as indicated. Alter incubation mitochondria were sedimented by centrifugation and cytochrome c content 
and AK activity of supernatants were assayed by Western blotting and enzymic assay respectively. The blots were quantified by scanning and band intensities expressed as a percentage of the 
value determined for 50 (A) or 100 mosM (B) medium without added dextran. Data for the AK activity determined enzymically are expressed similarly. The experiment shown is representative 
of two experiments showing similar results. 


Table 1 Effect of dextran and other factors on the release of cytochrome c and AK from isolated rat liver mitochondria 


Mitochondria were stored on ice for 1 or 2 h after isolation before incubation for 2 min at 25 °C in KCI medium with additions as indicated. After sedimentation of mitochondria by centrifugation 
the cytochrome c and AK contents of the supernatant were measured as described in the Materials and methods section. Data are expressed as a percentage of the corresponding control and 
as means + S.E.M. for three separate mitochondrial preparations for dextran, carbonyl cyanide- p-trifluormethoxyphenylhydrazone (FCCP) and cyclosporin A, and for four preparations for polyaspartate 
(37 kDa). The release of cytochrome c and AK 2 h affer isolation were 158 + 12% and 131+ 7% of that al 1 h post-isolation, respectively (7 = 9). Statistically significant differences are indicated 
as follows: “P « 0.05, "P < 0.001. 











Cytochrome ¢ AK 
Time post-isolation. . . ih 2h ih 2h 
Control 100 100 100 100 
5% Dextran 65T 34+1°° 94 -- 8 80+9 
54 uM Polyaspartate 318 + 134 72417 124 4-13 11048 
3 uM FCCP 174 + 23 108 + 23 117 +4 117 11 
0.2 uM Cyclosporin A 131 -- 15 102 + 12 100 4 1 105--3 
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Figure 3 Dextran inhibits oxidation of exogenous cytochrome c by 
mitochondria in KCI medium 


NADH-cytochrome dependent oxidation of exogenous cytochrome c was determined 
polarographtcally using a Clarke-type oxygen electrode at 30 °C as described in the Matertals 
and methods section Mitochondria (4 mg of protein) were suspended in 1 mi of KCI or sucrose 
medum contaming 025 mM NADH, 05 uM antimycin A and, where indicated, 5% (w/v) 
dextran (40 kDa). Cytochrome c (10 uM) was added where indicated Rates of oxygen 
consumption in nmol of O/min per mg of protein are grven alongside each trace Data are 
representativa of several similar experiments whose results are summarized in the text 


dextran to inhibit cytochrome c release was unaffected by storage 
on ice (see Table 1). 


Cytochrome c can move in both directions across the 
mitochondrial outer membrane 


In order to establish whether the release of cytochrome c from 
mitochondria was a bidirectional process involving a pore, rather 
than a unidirectional transport process, we studied the 
respiratory-chain-dependent oxidation of externally added ferro- 
cytochrome c, as shown in Figure 3. In these experiments 
endogenous substrate oxidation is prevented by the presence of 
rotenone and antimycin and added oxidized cytochrome c 1s 
reduced to ferrocytochrome c through the action of NADH- 
cytochrome 5, reductase on the outer-mitochondrial membrane 
[20]. In sucrose medium, cytochrome c-dependent oxidation of 
NADH consumed oxygen at the rate of about 12 nmol of O 
atoms/mun per mg of protein whether or not dextran was present. 
However, in KCl medium without added dextran, the rate of 
oxygen uptake was about 50% greater but was decreased 
significantly by the presence of dextran. In the experiment shown 
involving mitochondria isolated from two rats, four separate 
determinations of oxygen uptake in the presence and absence of 
dextran were made over a 4 h period. No significant changes in 
the inhibition caused by dextran were observed over this time 
period, during which the mitochondria were stored at 0 °C. The 
mean inhibition (+S.E.M.) caused by dextran was 22: 4.5 95. 
With a second mitochondrial preparation the inhibition caused 
by dextran was 26 % after 1 h at 0 °C and 32% after 5 h. These 
data suggest that the NADH/cytochrome c-dependent oxygen 
uptake observed in sucrose medium represents the contribution 
by mitochondria with ruptured outer membranes that allow 
cytochrome c free access to cytochrome oxidase. The additional 
oxidation observed in KCl medium that 1s largely prevented by 
dextran correlates with the additional release of cytochrome c 
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Figare 4 The effects of dextran and onter-membrane removal on the 
suceinate-driven reduction of extramitochondrial cytochrome c 


Mitochondria or mitoplasts (1 mg of protei/mJ) were incubated in a split-beam spectro- 
photometer at 25 °C in standard KCI buffer (see the Matertais and methods section) containing 
6 4M cytochrome c and, when required, 5% (w/v) dextran, but no succinsie A, was 
monitored continuously, and additions of 1 mM succinate, 1 mM KCN and 015 mM TMPD 
were made as indicated The data shown are typical of three separate mitochondnial preparations 
for which 5% dextran mhibited the rate of cyanide-induced cytochrome c reduction by 
23+17% (mean-+SEM., P « 001). 


(but not AK) observed in this medium (Figure 2) and appears to 
reflect a specific dextran-sensitive cytochrome c-transport mech- 
anism across the outer membrane. 

This conclusion was further strengthened by studying the 
reduction of exogenous ferricytochrome c by electrons donated 
from the cyanide-inhibited respiratory chain. Under these con- 
ditions, electrons from succinate oxidation are passed to complex 
II, which then donates electrons to exogenous cytochrome c. 
This is only possible if the outer membrane is broken or if there 
18 a bidirectional cytochrome c transport mechanism. It may also 
be mediated by addition of TMPD, which is lipid soluble and 
hence can shuttle electrons across the outer membrane. The data 
of Figure 4 show that reduction of external cytochrome c can 
occur under such conditions, but is greatly stimulated by the 
addition of 0.15 mM TMPD or when the outer membrane is 
removed by digitonin treatment. The rate of cytochrome c 
reduction seen in the absence of TMPD could reflect only the 
small fraction of mitochondria with damaged outer membranes. 
However, addition of 595 dextran caused a 23 + 1.7 9 inhibition 
in the rate of cytochrome c reduction (mean + S.E.M. of three 
separate mitochondrial preparations; P « 0.01), implying that 
some of the cytochrome c was being reduced through the 
operation of the same mechanism that caused the cytochrome c 
release. The similarity of this dextran-mediated inhibition to that 
observed on NADH/cytochrome c oxidation described above 
increases confidence that this is the correct interpretation. Using 
these two methods we were able to screen a variety of potential 
effectors of the cytochrome c permeability pathway. No effects of 
ATP, ADP (+oligomycin), dATP, Mg**, bongkrekic acid or 
cyclosporin A (CsA) were observed. 


VDAC but not the peripheral benzodiazepine receptor or MPTP 
may be involved In cytochrome c release 


It has been suggested that the MPT may be involved in 
cytochrome c release, but this should be calcium-dependent, 
whereas we observe cytochrome c release in the presence of 
EGTA. Furthermore, we have been unable to detect any effect 
of CsA on the release of cytochrome c (Table 1). Nor was dextran 
able to inhibit the rate of the light-scattering change induced by 
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Figure 5 The effects of 5% dextran on the MPT of isolated liver 
mitochondria 


Mitochondria were incubated under energized conditions in a split-Dbeam spectrophotomeler 
before addition of 50 uM Ca^* at the time shown. Further details are given in the Materials 
and methods section. The experiment shown is typical of three similar experiments on separate 
mitochondrial preparations. 
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Figure 6 Effect of polyaspartate on mitochondrial cytochrome c release 


After isolation (1 or 2 hy, mitochondria were incubated in the presence or absence of 54 uM 
polyaspartate (PAA: 37 kDa) and pelleted by centrifugation as described in the Materials and 
methods section. The cytochrome c content of the supernatant was determined by Western 
blotting folowing SDS/PAGE. The data shown are typical of three independent experiments for 
which quantitative analysis is given in Table 1. 


calcium overload under energized conditions (Figure 5), which 
suggests that the MPT is not inhibited by dextran. This is not 
surprising since the MPT involves a change in the inner- rather 
than outer-membrane permeability, most probably mediated 
by a calcium-triggered, cyclophilin-dependent conformational 
change of the adenine nucleotide translocase (ANT) [21,22]. 
However, it has been proposed that the ANT may interact with 
VDAC and possibly the peripheral benzodiazepine receptor in 
the outer membrane [23,24]. We have been unable to detect any 
effect of a range of concentrations of either protoporphyrin IX or 
diazepam (both ligands of the benzodiazepine receptor) on 
cytochrome c release (results not shown). This suggests that the 
benzodiazepine receptor is not involved in the release mechanism. 
Nor did de-energization of mitochondria with uncoupler (3 4M 
carbonyl cyanide-p-trifluormethoxyphenylhydrazone, FCCP) 
have a significant effect on cytochrome c release (Table 1). 
However, the addition of 54 4M polyaspartate (37 kDa). which 
causes VDAC to take up its low conductance state for anions 
[25]. caused a significant increase in cytochrome c release (Figure 
6 and Table 1). 
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Figure 7 The effects of 5% dextran on the conformational changes induced 
in isolated energized liver mitochondria by sub-micromolar [Ca^'] 


The experimental protocol was as described in the Materials and methods section. After 1 min 
of incubation in the spectrophotometer, CaCl, was added to the sample cuvette alone to give 
the calculated tree [Ca^*] indicated [27]. The experiment shown is typical of three similar 
experiments on separate mitochondrial preparations. 


The potential role of contact sites in cytochrome c release 


The inner and outer mitochondrial membranes are closely 
apposed at various points known as contact sites, which are 
believed to be associated with an interaction between the ANT 
and VDAC. Dextran has been shown to increase the number of 
such contact sites in isolated mitochondria [26], and thus the 
ability of dextran to inhibit cytochrome c release is consistent 
with their disruption being associated with the unmasking of à 
cytochrome c-release pathway. One potential indicator of the 
effect of dextran on the contact sites may be the light scattering 
of the mitochondrial suspension. Indeed, we observed that the 
initial light scattering of liver mitochondria suspended in 
energized KCl medium was significantly less in the presence of 
595 dextran, the 4,,, values at | and 2h post-isolation (as 
means + S.E.M. of four separate preparations) being 74.3 + 7.6 ^, 
(P < 0.05) and 64.64+9.0°%, (P < 0.02) of control values re- 
spectively. Furthermore, although dextran had no effect on the 
rate of the light-scattering change occurring during the MPT 
induced by calcium overload, the maximum extent of the light- 
scattering change observed was diminished (Figure 5). These 
data are consistent with the formation of contact sites changing 
the conformation of mitochondria and leading to a decrease in 
their light scattering. 

During the course of the latter experiments we observed that, 
in the presence of dextran, the exposure of energized mito- 
chondria to sub-micromolar concentrations of Ca?* (buffered 
with EGTA) caused a rapid decrease in light scattering, which 
was barely visible in the absence of dextran (Figure 7). The 
effect, which we have observed previously in heart mitochondria 
[15.27]. was not inhibited by CsA and was quite distinct from 
the MPT, which required much greater loading of mitochondria 
with Ca?'. Calcium has been demonstrated to increase contact- 
site formation in the perfused heart [28] and thus these data are 


also consistent with decreased light scattering detecting a con- 
formational change that reflects greater contact-site formation. 


DISCUSSION 


The data we present in this paper demonstrate that Percoll- 
purified isolated rat liver mitochondria contain BAX dimer and 
can release cytochrome c independently of AK, and thus by 
implication without outer-membrane rupture. The ability of 
dextran to inhibit this process may reflect its ability to maintain 
the structure of contact sites between the inner and outer 
membrane [26]. Such contact sites are thought to involve an 
interaction between the ANT and VDAC that allows the 
communication between the inner and outer membranes [29-31] 
and our data suggest that their disruption may unmask a latent 
pathway for cytochrome c release In this context it may 
be significant that both BAX and Bcl-2 have been shown to be 
concentrated at the contact sites [32,33]. Evidence for a role of 
VDAC in the cytochrome c-release mechanism comes from the 
ability of polyaspartate to enhance cytochrome c release. Poly- 
aspartate binds to VDAC and induces the low anion-conductance 
state [25], and it is known that when VDAC changes from the 
high- to tbe low-conductance conformation there is a large-scale 
rearrangement of protein domains [34]. Thus it is possible that 
the low-conductance conformation of VDAC may activate a 
cytochrome c-release pathway by some protein-protein inter- 
action within the contact sites. A role for the low-conductance 
conformation of VDAC in cytochrome c release is supported by 
the observation that apoptosis induced by growth-factor with- 
drawal is associated with impaired ATP/ADP exchange into 
mitochondria [35]. The low anion-conductance state of VDAC is 
known to greatly inhibit ATP/ADP transport into mitochondria 
[36]. In contrast, Bcl-X, over-expression facilitates mitochondrial 
ATP/ADP exchange and inhibits cytochrome c release [35], 
suggesting that it stabilizes the high-conductance state of VDAC 
associated with low cytochrome c permeability. In contrast, it 
would be envisaged that BAX might interact with VDAC to 
favour the low-conductance conformation and so enhance cyto- 
chrome c release. It may also be significant that VDAC possesses 
a tight binding site for cytochrome c on its intermembrane 
surface [34]. 

Recently Shimizu et al. [10] have reported that when VDAC is 
reconstituted into proteoliposomes, the addition of either BAX 
or BAK enables permeation by cytochrome c, which was blocked 
by Bcl-X,. VDAC alone did not allow cytochrome c permeation, 
suggesting that BAX and BAK cause a conformational change in 
VDAC that allows it to transport cytochrome c, while Bcl-X, 
antagonizes this effect. At first glance, our data might appear 
compatible with this hypothesis, if it is assumed that a VDAC 
interaction with the ANT at contact sites might prevent the 
cytochrome c translocation. However, closer examination of the 
data of Shimizu et al. [10] reveals discrepancies between their 
data and those of others, 1ncluding ourselves. First, Shimizu et 
al suggest that it 1s the high-conductance conformation of 
VDAC that allows cytochrome c permeation, yet our own data 
and those of Vander Heiden et al. [35] suggest that cytochrome 
c release and apoptosis are associated with the low-conductance 
conformation of VDAC. Second, Priault et al. [37] have demon- 
strated that BAX can induce cytochrome c release in VDAC- 
deficient yeast Shimizu et al. used proteoliposomes containing 
VDAC reconstituted from Triton-solubilized protein to dem- 
onstrate cytochrome c release. Since even very low concentrations 
of Triton X-100 can exert profound effects on both the inhibitor 
sensitivity of VDAC [38] and on the general permeability of 
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lipososmes [39], results obtained 1n this way must be treated with 
caution. 

If VDAC present at the contact sites does participate directly 
or indirectly in the cytochrome c-release mechanism, there is the 
possibility that the conformation of the MPTP in the inner 
membrane may communicate directly with the cytochrome c- 
release mechanism independently of outer-membrane rupture. 
The MPTP is thought to be associated with contact sites and to 
be formed by a conformational change 1n the ANT, possibly in 
association with VDAC [1,2,15,40,41]. This may provide 
an explanation of how Bcl-2 may inhibit both the specific 
(MPTP-independent) cytochrome c-release mechanism and 
the MPTP-dependent mechanism. The latter is most likely to 
operate under conditions of oxidative stress and calcium over- 
load, which are known to stimulate the opening of the MPTP. 
Examples include reperfusion of tissues following a period of 
ischaemia or the addition of chemical toxins where MPTP 
opening has been shown directly and treatment with CsA or 
over-expression of Bcl-2 may offer protection (see [2,41—43]). 
However, cell death 1s often necrotic under such circumstances 
unless MPTP opening is transient (see for example [44,45]), since 
mitochondria will be uncoupled and not maintain sufficient ATP 
concentrations to support apoptosis [2,4,41]. 

Our results also suggest the presence of a mechanism for the 
removal of released cytochrome c (Figure 1C). The mechanism 
of this is unknown but it was insensitive to standard protease 
inhibitors. If such a mechanism also exists within the cell, it 
provides a means by which apoptosis could be prevented or 
reversed if the apoptotic signal is weak or transient. This would 
ensure that cells do not enter apoptosis too readily. It might also 
explain how cells that have released cytochrome c following 
growth-factor withdrawal can be rescued from apoptosis by re- 
administration of growth factors and re-establish their normal 
compartmentation of cytochrome c within the mitochondria 
[13]. 


This work was supported by the Medical Research Council and a Royal Soclety/ NATO 
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The proliferation of most normal cells depends on the co- 
operation of several growth factors and hormones, each with a 
specific role, but the key events involved 1n the action of each 
necessary stimulant remain largely uncharacterized. In the 
present study, the pathways involved in the mechanism(s) 
of co-operation have been investigated in primary cultures of 
dog thyroid epithelial cells. In this physiologically relevant 
system, thyroid stimulating hormone (TSH) acting through 
cAMP, epidermal growth factor (EGF) and phorbol esters (such 
as PMA) induce DNA synthesis. Their effect requires stimulation 
of the insulin-like growth factor-1 (IGF-1) receptor by either 
IGF-1 or insulin, which are not themselves mitogenic agents. In 
contrast, hepatocyte growth factor (HGF) is itself fully mitogenic. 
The results of the study demonstrate that cAMP, EGF, HGF 
and PMA stimulate p70 ribosomal S6 kinase (p70 S6 kinase). 
However, insulin/IGF-1 also stimulate p70 S6 kinase. Thus 
stimulation of p70 S6 kinase might be necessary, but is certainly 


not sufficient, for the induction of DNA synthesis and is not 
specific for any stimulated pathway. In contrast, phosphatidyl- 
inositol 3-kinase (PI 3-kinase) and protein kinase B (PKB) 
activation by msulin and HGF is strong and sustained, whereas 
it is weak and transient with EGF and absent in the presence of 
TSH or PMA. These findings suggest that: (1) stimulation of PI 
3-kinases and/or PKB 1s not involved in the cAMP-dependent 
pathways leading to thyrocyte proliferation, or in the action of 
PMA, (ii) the stimulation of the PI 3-kinase/PK B pathway may 
account for the permissive action of insulin/IGF-1 in the 
proliferation of these cells, and (iii) the stimulation of this 
pathway by HGF may explain why this agent does not require 
insulin or IGF-1 for its mitogenic action. 


Key words: DNA synthesis, hepatocyte growth factor, rapa- 
mycin, thyrotropin, wortmannin. 





INTRODUCTION 


The regulation of cell proliferation has been much studied in cell 
lines. Such models are only distantly related to normal cells. 
Moreover, the roles of the various pathways studied: have been 
found to be different, or even the converse, in one cell type and 
another. In the study of physiological control it is, therefore, 
essential to establish the regulatory network of each normal cell 
type. Some form of co-operation is generally needed between 
different growth factors in order to achieve the stimulation of 
division of normal cells. In particular, the almost ubiquitous 
activity of insulin-like growth factor 1 (IGF-1) in supporting cell 
proliferation triggered by growth factors is illustrated by the 
almost universal requirement of IGF-1 or high concentrations of 
insulin [1] as a supplement in serum-free culture media for most 
normal cell types [1-3]. The positive role of cAMP in cell cycle 
progression provides interesting examples of such a co-operation 
in many different epithelial cells [4]. The mechanism(s) of this co- 
operation is unclear, mainly because the key events involved in 
each signalling cascade have not been delineated. In thus study, 
we have investigated the role of phosphatidylinositol 3-kinase 
(PI 3-kinase), protein kinase B (PK B) and p70 ribosomal protein 
S6 kinase (p70 S6 kinase) in this regard. Activation of p70 S6 
kinase is involved in the regulation of both protein and DNA 
synthesis. p70 S6 kinase was identified on the basis of its ability 


to phosphorylate the 40 S nbosomal protein S6 in vitro [5]. A 
number of other kinases, including the growth-regulated 90 kDa 
ribosomal $6 kinase (p90 S6 kinase), which is phosphorylated 
and activated by the p42/p44 mitogen-activated protein kinases 
(MAPKs), can also phosphorylate S6 in in vitro systems, but it 
has been shown that, 1n the cell, this function is mostly performed 
by p70 S6 kinase [5,6]. S6 phosphorylation is thought to increase 
the rate of synthesis of certain proteins which are required for 
efficient G, progression and whose mRNAs contain a poly- 
pyrimidine tract at the 5’ end [5]. p70 S6 kinase has been 
suggested to play an essential role throughout G,, as its inhibition 
by microinjection of neutralizing antibodies [5] or by the im- 
munosuppressant rapamycin severely compromised the ability of 
various types of cells to progress through the G, phase of the 
cell cycle [7]. Complexed to FK 506-binding-protein (' FK BP’), 
rapamycin interacts with the mammalian target of rapamycin 
(mTOR) and blocks the activation of p70 S6 kinase in response 
to all stimuli so far studied [7,8]. p70 S6 kinase activation in 
response to stimuli requires a hierarchical phosphorylation at 
multiple serine/threonine sites [8,9]. A role for PI 3-kinase and 
protein kinase B (PK B) in this activation has been suggested but 
remains controversial and probably depends on the nature of the 
agonist and of the cell type [8,10—12]. PKB itself is a direct target 
of PI 3-kinase although it can also be activated by PI 3-kinase 
independent pathways [13,14]. 


Abbreviations used IGF-1, insulin-like growth factor 1, PI 3-kinase, phosphatidylinositol 3-kinase, PKB, protein kinase B, p70 S6 kinase, p70 
ribosomal 86 kinase, p90 S6 kinase, p90 ribosomal S6 kinase, MAPK, mitogen-activated protein kinase, TSH, thyroid stimulating hormone, PKA, protein 
kinase A, EGF, epidermal growth factor, HGF, hepatocyte growth factor, MTOR, mammalian target of rapamycin 
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Dog thyroid follicular cells (thyrocytes) in primary culture are 
representative of their in vivo counterpart [15]. In these cells, 
CAMP, as a second messenger for thyrotropin (thyroid stim- 
ulating hormone; TSH), positively controls proliferation and 
differentiation through pathways that require protein kinase À 
(PKA) activity and other mechanisms [15,16]. DNA synthesis 
can also be induced through cAMP-independent mechanisms, in 
response to epidermal growth.factor (EGF), hepatocyte growth 
factor (HGF) and phorbol esters, coinciding with an inhibition 
of differentiation [15]. The mitogenic effects of TSH, EGF and 
PMA, but not those of HGF, require IGF-1 receptor stimulation 
by IGF-1 or high concentrations of insulin [17,18]. In themselves, 
IGF-1 and insulin have little mitogenic action As the real 
physiological stimulator of thyroid cells is TSH, the role of 
insulin/IGF-1 is described as permissive for TSH and thus, by 
extension, for EGF and PMA action. Until now the mechanism 
of the permissive effect of insulin/IGF-1 has been little studied. 

Whereas signalling pathways stimulated by growth factors 
acting on receptor tyrosine kinases or on protein kinase C have 
been relatively well delineated, little 1s known about those 
stimulated by cAMP. In an earlier study we have shown that 
stimulation of dog thyrocytes by TSH did not result in the 
activation of any member of the MAPK. family ([19,20]; F. 
Vandeput, unpublished work), suggesting a distinct signalling 
pathway. Recent studies using cell lines demonstrated stimulation 
of PKB by cAMP [13,21]. 

In the present work, in order to unravel the mechanism(s) of 
co-operation leading to cell proliferation, we have studied the 
effect of TSH acting through cAMP and of growth factors acting 
through receptor tyrosine kinases (insulin/IGF-1, EGF, HGF) 
or through protein kinase C (PMA) on the activities of p70 and 
p90 S6 kinases, PKB and PI 3-kinase in primary cultures of dog 
thyroid cells. 


EXPERIMENTAL 
Materials 


Dulbecco's modified Eagle's medium (DMEM), Ham's F12 
medium, MCBD104 medium, penicillin, streptomycin and 
amphotericin B (Fungizone) were obtained from GIBCO 
(Paisley, Scotland, U.K.) Bovine insulin, PMA, murine EGF 
and bovine TSH were purchased from Sigma Chemical Co. (St 
Louis, MO, U.S.A ). Forskolin was from Calbiochem (La Jolla, 
CA, U.S.A.). Human recombinant HGF (hrHGF) was a gift 
from T. Nakamura and K. Matsuto (Osaka University Medical 
School, Osaka, Japan). Rapamycin and wortmannin were gifts 
from Wyeth-Ayerst Research (Princeton, CN, U.S.A.) and 
Sandoz Pharma Ltd. (Basel, Switzerland) respectively. Wort- 
mannin was also purchased from Sigma, as well as LY294002 
and PtdIns. The p70 S6 kinase antibodies used were raised 
against the N-terminal (amino acids 1—31) [22] or the C-terminal 
peptide sequence specific for p70 S6 kinase (amino acids 485—502) 
(C-18; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) of 
rat p70 S6 kinase. Polyclonal antibodies to p90 S6 kinase (C-21), 
pRb (C-15), p107 (C-18) and p130 (C-20) were purchased from 
santa Cruz Biotechnology, polyclonal antibodies to PKB were 
from Upstate Biotechnology (Lake Placid, NY, U.S.A.), and 
anti-phosphotyrosine monoclonal antibody (PY20) from Trans- 
duction Laboratories (Lexington, KY, U.S.A.). The S6 substrate 
and PKA inhibitor peptides were supplied by Santa Cruz 
Biotechnology, the crosstide peptide by Upstate Biotechnology. 
Secondary antibodies, enhanced chemiluminescence reagents, 
[*P]P, [y- "P]ATP and [H]thymidine were from Amersham 
International (Little Chalfont, Bucks, U.K.). Protein A- 
Sepharose CLAB and Protein G were purchased from Pharmacia, 
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and phosphocellulose (Whatman P-81) was from Whatman 
(Maidstone, Kent, U.K.). Silica gel 60 aluminium TLC plates 
were obtained from Merck. 


Primary culture 


Cells were obtained from dog thyroid tissue as detailed previously 
[15]. Thyrocytes were cultured in monolayer (2 x 10* cells/cm!) 
in the following medium: Dulbecco's modified Eagle's medium/ 
Ham's F12 medium/MCBD 104 medium (2:1:1, by vol.) supple- 
mented with 40 ug/ml ascorbic acid, antibiotics, and with or 
without insulin (5 g/ml). After culture for 4 days, the cells were 
stimulated for various periods of time by different agents. In 
some cases, cells were treated with rapamycin (2 mM stock 
in ethanol), wortmannin (10 uM stock in DMSO) or LY294002 
(5 M stock in DMSO) for 30 min before activation. 


DNA synthesis 


After 4 days of culture in the absence or presence of insulin 
(5 ug/ml), dog thyroid cells were incubated for 48h with 
the mitogenic agents and with [H]thymidine (10 4Ci/ml, 
3x 107° M) and deoxycytidine (10-* M) for the final 24 h. The 
number of cells entering into DNA synthesis was estimated by 
the frequency of PH]thymidine-labelled nuclei, as revealed 
by autoradiography. In each duplicate dish, at least 1000 nuclei 
chosen at random in different fields were counted blind [15]. 


$8 kinases assay 


p70 S6 kinase and p90 S6 kinase activities were measured as 
described previously [22], except that 100 „M RRRLSSLRA 
peptide was used as substrate [23], and the reaction was termin- 
ated by the addition of acetic acid to a final concentration of 
30%. The amount of **P-label incorporated into the peptide 
substrate was determined by scintillation spectroscopy [24]. 
Controls were processed similarly ın the absence of protein 
kinase. Protein determinations were performed as described 
previously [25] with BSA as standard. 


PKB assay 


After stimulation, the cells were solubilized in a buffer composed 
of 120 mM NaCl, 25 mM Tris/HCl (pH 7.6), 50 mM NaF, 
]mM benzamidine, ImM EDTA, 15mM sodium pyro- 
phosphate, I mM EGTA, 20 mM 2-glycerophosphate, 2 mM 
Na,VO,, 0.5% sodium deoxycholate, 1% (v/v) Nonidet P-40, 
60 ug/ml Pefabloc, 100 mM okadaic acid and 10 ug/ml each of 
leupeptin and pepstatin. Samples containing 200 ug protein were 
subjected to immunoprecipitation using a polyclonal antibody 
against PK B coupled to Protein G-Sepharose. After washing the 
immunoprecipitates four times with 50 mM Tris/HCl (pH 7.5), 
50 mM NaF, 1 mM EDTA, 5 mM sodium pyrophosphate, 1 mM 
EGTA, 10 mM 2-glycerophosphate, 1 mM Na, VO, 0.1 % (v/v) 
Tnton X-100, and twice with kinase buffer [20 mM Mops 
(pH 7.2), 5 mM EGTA, 25 mM 2-glycerophosphate, ] mM dith- 
iothreitol, 1 mM Na,VO,], kinase activity was assayed in a final 
volume of 30 ul kinase buffer containing 50 4M ATP, 75 mM 
MgCl, 30 uM crosstide peptide, 17 M protein kinase A in- 
hibitor and 3 wCi [y-?*PJATP. The phosphorylation reaction was 
allowed to proceed for 15 min at 30°C The amount of **P 
incorporated into the peptide substrate was determined by 
scintillation spectroscopy as described previously. 


PI 3-kinase assay 


PI 3-kinase activity was measured on anti-phosphotyrosine 
immune complexes essentially as described previously [26]. The 
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reactions were initiated by the addition of 50 4M ATP, 5 mM 
MgCl, and 2 #Ci [y-"?P]ATP (final concentrations) and stopped 


after 20 min at 30°C with ISl of 4M HCl and 250 xl of 


chloroform/methanol (1:1, v/v). The lower organic phase was 
washed with 150 jd of methanol/1 M HCI (1:1, v/v) and dried. 
Phospholipids were resuspended in 10 d of chloroform, separ- 
ated by TLC on aluminium-backed silica gel 60 plates pretreated 
with 1°, potassium oxalate in the solvent system chloroform/ 
methanol/acetone/acetic acid/water (60:20:23:18:11. by vol.) 
and detected by autoradiography. 


Gel electrophoresis and immunodetection of proteins 


At the end of the culture period, total cellular proteins were 
separated according to molecular mass by SDS/PAGE (6.5°, 
gel) and immunodetected after Western blotting as described 
previously [25]. Immunoblots were developed using '**I-labelled 
Protein A or the ECL* kit (Amersham) and subjected to 
autoradiography. 


Analysis of intracellular levels of 3-phosphorylated 
phosphoinositides 


Production of 3-phosphorylated lipids in vivo was determined 
essentially as described previously [27.28]. Briefly, thyroid cells 
were prelabelled with [?PJP, (0.3 mCi/ml) for 3h and then 
stimulated for various periods of time with the appropriate 
agents. Cells were scraped into 1 M HCl and phospholipids were 
extracted into HCl/methanol/chloroform (47:48:3, by vol.) in 
the presence of 25 mM EDTA, butylated hydroxytoluene anti- 
oxidant and 30 xg of a mixture of brain phosphoinositides. The 
phospholipids were then converted to water-soluble deacvlated 
derivatives [28], separated on a Partisphere SAX (Whatman) 
HPLC column and the radioactivity was estimated [29]. 


RESULTS 
Rapamycin and wortmannin inhibit DNA synthesis 


To investigate the role of mTOR/p70 S6 kinase and PI 3-kinase 
activation in the pathways leading to thyroid cell proliferation, 
the effect of inhibitors of these enzymes on DNA synthesis has 
been studied. Table | shows that rapamycin and wortmannin 
substantially reduced DNA synthesis in cells stimulated by TSH. 


Table 1 Inhibition of DNA synthesis in thyrocytes by rapamycin and 
wortmannin 


After 4 days of culture in medium supplemented with or without C) 5 g/ml insulin, the cells 
were untreated or preincubated with 20 nM rapamycin or 100 nM wortmannin for 30 min before 
the addition of the various reagents for 48 h. During this time, because of the transient effect 
of wortmannin, 100 nM was added every 12 h up to 400 nM [48,49]. P'HiThymidine was 
present for the last 24 h, Results are means -+ 5.D. of at least three different experiments 
performed in duplicate with similar results. 


Labelled nuclei (95) 


Reagent No pretreatment Repamycin Wortmannin 
Control 11.34: 44 0.8 -- 0.5 0.3-E 03 
TSH (1 m-unit/mf) 5244-159 234-- 9.5 13.1 5.2 
Forskolin (107° M) 6344-75 256+67 11.9-- 3.8 
EGF (25 ng/ml) 512 2-:2.5 123 420 28.0 -+10.3 
PMA (10 ng/ml) 412--61 32-031 E 
HGF (50 ng/ml) 599-34 21.9 4 2.5 23.4414 
"Control 124056 ~ 02+6.3 
“HGF (50 ng/ml) 33.5445 -— 14405 
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Figure 1 Inhibition of pRb, p107 and p130 phosphorylation by rapamycin 
and wortmannin 


Anti-pRb, -p107, -p130 immunoblots of whole cell extracts. Dog thyrocytes were cultured for 
4 days in basal medium supplemented with 5 g/ml insulin. They were then pretreated with 
20 nM rapamycin or 100 nM wortmannin for 30 min prior to stimulation by EGF (25 ng/ml), 
PMA (TPA; 10 ng/ml) or TSH (1 m-unit/ml) for 24h or remained in control condition (C). A 
second addition of wortmannin was made 12 h later. A 40 ug sample of total celular proteins 
was loaded per lane. Arrows indicate the position of the hypophosphorylated form of pRb and 
0107. and of the faster migrating hypophosphorylated form of p130. In the same representative 
experiment, the proportion (35) of [^H]thymidine labelled nuclei was determined in duplicate with 
similar results for each experimental condition (N^). 


Table 2 Inhibition of DNA synthesis in dog thyrocytes by later addition of 
rapamycin and wortmannin 


After 4 days of culture in medium supplemented with 5 yeg/mi insulin, thyrocytes were 
stimulated by various reagents for 48h with or without 20 nM rapamycin or 400 nM 
wortmannin, which were added 12 h later. [^H]Thymidine was present ‘or the final 24 h. The 
results are the means + S.D. of at least three different experiments performed in duplicate with 
similar resuits. 


Labelled nuclei (55) 


No pretreatment Rapamycin  Wortmannin 
Control 9.9-2.5 08+0.4 09+ 0.7 
EGF (25 ng/ml) 36.2 4-10 11.7? 433 128-F04 
PMA (10 ng/ml) 28.7 4-32 48-25 B.1+1.8 
TSH (1 m-unit/mD 4794-11 14.4 4- 4.1 18.4 -- 0.4 





forskolin, EGF, HGF or PMA in the presence of insulin, as in 
control cells. Figure | represents an experiment in which both 
rapamycin and wortmannin strongly decreased mitogen-induced 
proliferation of dog thyrocytes, coincident with the prevention of 
the hyperphosphorylation of pRb, p107 and p130, as demon- 
strated by the lack of appearance of the slower migrating form(s) 
of the proteins. This finding is in agreement with our previous 
study where we showed that the extent of hyperphosphorylation 
of these proteins correlated well with the actual induction of 
DNA synthesis by the mitogenic agents tested [25]. This inhibition 
is not a consequence of an up-regulation of the cyclin dependent 
kinase (cdk)-inhibitor p27*?! as no change in its level of 
expression was observed after treatment of the cells with wort- 
mannin or rapamycin (not shown). Table 1 also shows that 
wortmannin provoked a strong inhibition of the DNA synthesis 
induced by HGF in the absence of insulin in the culture medium. 
Table 2 shows that the inhibition by rapamycin or wortmannin 
of DNA synthesis was still present when these inhibitors were 
added 12h after the stimulatory agents. i.e. during the second 
part of the prereplicative phase (DNA synthesis starts after 16 to 
18 h) [30]. 
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increase of p70 S6 kinase electrophoretic mobility by rapamycin and wortmannin 


(C). A 50 ug sample of total cellular proteins was loaded per lane. The arrow indicate the position of the hypophosphorylated form of p70 S6 kinase. 


Table 3 Incorporation of [H]thymidine into the nuclei of thyrocytes 
cultured in the absence of insulin 


After 4 days of culture in medium lacking insulin, thyrocytes were preincubated with 100 nM 
wortmannin or 15 M LY294002 for 30 min before the incubation with various agents for 48 h. 
During this time, because of the transient effect of wortmannin, 100 nM was added every 12 ñ, 
up to 400 nM. [?]Thymidine was present for the final 24 h. The results are the means + S.D. 
of data from at least three independent experiments performed in duplicate with similar results. 


Reagent Labelled nuclei (%) 
Control 35431 

insulin (5 g/ml) 1334-41 

TSH (1 m-unit/ml) 1394-53 
Forskolin (10^? M) 874-18 

PMA (10 ng/ml) 39-35 

EGF (25 ng/ml) 5.7 +45 

HGF (50 ng/m) 329 11.2 

TSH + insulin 45.0+95 





Effect of different agents on p70 and p90 S6 kinase activities 


Dog thyrocytes in culture require a high insulin concentration 
for most mitogens to induce DNA synthesis [15]. The effect of 
these agents acting alone on p70 S6 kinase activation was 
assessed from p70 S6 kinase immunoblots of total cell lysates, by 
the relative mobility of this protein following SDS/PAGE (Figure 
2), reflecting different degrees of p70 S6 kinase phosphorylation 
[9]. Before stimulation, thyrocytes were cultured for 4 days in the 
absence of insulin. In these culture conditions, the agents have 
little to no mitogenic effect, except HGF whose action on 
proliferation does not require the presence of insulin (Table 3). 
Figure 2 shows that in control cells four forms of p70 S6 kinase 
can already be distinguished, the faster migrating one being the 
most abundant. Both cAMP-independent agents (EGF, HGF, 
insulin and PMA) and cAMP-dependent agents provoked a 
retardation in the migration of p70 S6 kinase, the slowest 
migrating band corresponding to the catalytically active enzyme 
[9]. The presence of a small amount of fully phosphorylated p70 
S6 kinase in control cells could result from a small activation of 
this enzyme following attachment and spreading of thyroid cells 
on Petri dishes [31]. Inhibition of p70 S6 kinase phosphorylation 
by rapamycin or wortmannin was reflected by the decreased 
intensity of the slower electrophoretic mobility band of the 
kinase and by the corresponding increase of intensity of 
the faster migrating band (Figure 2). 

In order to assess the potency of the different agents studied on 
p70 or p90 S6 kinase activity, in vitro kinase assays were 
performed using immunoprecipitates of these enzymes from 


© 2000 Biochemical Society 


Table4 Effect of various reagents, and influence of rapamycin, wortmannin 
and LY294002 on p70 S6 kinase activity 


After 4 days of culture in the absence of insulin, dog thyrocytes were preincubated with 20 nM 
rapamycin, 100 nM wortmannin or 15 aM LY294002 for 30 min before incubation with various 
reagents for 30 min. The results of p70 S6 kinase assays are presented as fold stimulation 
above control and are means + S.E.M. of three independent experiments. p70 S6 kinase activity 
in control cells was 4.41 + 0.70 units/mg of protein when an S6 peptide was used as substrate. 





p70 S6 kinase activity 





Reagent No pretreatment Rapamycin Wortmannin LY294002 
Control 100 0.01 + 0.01 0.11 + 0.06 0.16 + 0.09 
insulin (5 j.g/mf) 3.62 017 = 0.25 + 0.07 1.52 + 0.19 
TSH (1 m-unit/m? — 2.28: 0.14 0.05 4- 0.06 0.57 + 0.05 01984- 0.03 
Insulin 4- TSH 3.54 + 022 ~ 0.63 + 0.29 1.01 4-021 
Forskolin (1075 M) — 2284: 022 - 1.03 + 0.24 0.30+ 0.05 
EGF (25 ng/ml} 255-4 0.15 0.14 -- 0.01 0.30 + 0.08 0.60 -- 0.16 
PMA (10 ng/ml) 2.58 + 0.24 0.01 -- 0.01 1.06 + 0.08 0.92+0.22 
HGF (50 ng/ml 337 + 0.30 ~~- = ~ 





control or stimulated cells. Table 4 shows that (1) insulin and 
HGF are the most potent activators of p70 S6 kinase activity in 
these cells (3.62 and 3.37 fold respectively); (1) TSH, EGF and 
PMA stimulate p70 S6 kinase activity to about the same extent 
(2.29, 2.65 and 2.58 fold respectively); (i) stimulation by TSH of 
p70 S6 kinase activity is reproduced by forskolin, a general 
activator of adenylate cyclase; (iv) simultaneous addition of 
TSH and insulin resulted in a comparable activation to that 
obtained with insulin alone (3.54 fold). This is in contrast with 
the results of Withers et al. [32] who observed, in Swiss 3T3 cells, 
that the mitogenic combination of forskolin and insulin induced 
an additive stimulation of p70 S6 kinase activity. Time course 
experiments revealed that TSH or EGF induced a biphasic 
activation of p70 S6 kinase, peaking after about 30 and 120 min 
(not shown). The enzyme activity was already increased after 
5 min and remained over control for at least 8 h (not shown). On 
the other hand, in accordance with our results on MAPK 
phosphorylation [18,20,33] all these agents except TSH and 
forskolin stimulate p90 S6 kinase activity, EGF, HGF and PMA 
having about the same potency, insulin being the weakest 
stimulator (Table 5). Moreover, TSH did not affect the stimu- 
lation, by insulin, of the p90 S6 kinase activity (Table 5). These 
results thus confirm that in dog thyroid cells, in contrast to many 
other cell types [34,35], cAMP had no inhibitory or stimulatory 
effect on the MAPK /p90 S6 kinase pathway. Rapamycin (20nM) 
lowered the basal level of p70 S6 kinase activity in control cells 
and almost totally abolished p70 S6 kinase activation by TSH, 
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Table 6 Effect of various reagents on p90 36 kinase activity 


After 4 days of culture in the absence of insulin, thyrocytes were stimulated with various 
reagents for 20 min The results of p90 S6 Kinase assays are presented as fold stimulation 
above control and are means + S.E M of three independent experiments. p90 S6 kinase activity 
In control cells was 7 82 + 0 92 units/mg of protein when an S6 peptide was used as substrate 


Reagent p90 S6 kinase activity 


Control 

TSH (1 m-unit/ml) 
Forskolin (1075 M) 
EGF (25 ng/ml) 
HGF (50 ng/ml) 
PMA (10 ng/mi) 
Insulin (5 g/ml) 
Insulin + TSH 


100 

0 88 4 0 05 
082-4012 
2994-076 
2 54 - 0.50 
2 36 1: 0.51 
206-012 
216:r012 





EGF or PMA (Table 4). The effect of wortmannin and of 
1Y294002, was also investigated on p70 S6 kinase activity. 
Although treatment of the cells with LY294002 (15 4M) resulted, 
as with wortmannin (100 nM), in the inhibition of p70 S6 kinase 
activity in control cells as well as in cells stimulated by the 
different agents, L'Y294002 seemed to be a more potent inhibitor 
than wortmannin of the cAMP dependent activation of p70 S6 
kinase and a lesser one of the insulin activation of this kinase 
(Table 4). These observations have still no explanation. In any 
case these inhibitions suggest the implication of PI 3-kinase 
upstream of p70 S6 kinase. It is worth noting that there are some 
discrepancies between our data and those obtained by Cass and 
Meinkoth [36] and Cass et al. [37] in the WRT cell line as, in 
these cells, inhibition of the cAMP dependent p70 S6 kinase was 
obtained with 15 uM LY294002 but not with 200 nM wort- 
mannin. 


Agents acting through receptor tyrosine kinases, bat not TSH or 
PMA, stimulate PKB activity 


As it is generally accepted that PKB is a primary downstream 
target of the different isoforms of PI 3-kinase [10,38], we 
investigated the activity of this kinase in dog thyrocytes. The cells 
were cultivated for 4 days without insulin before the addition of 
the different stimulating agents. PKB activity was measured in 
immune-complex assays using the crosstide peptide as substrate. 
Figure 3(A) showed that after 8 min of stimulation, PKB activity 
was increased by insulin, HGF and EGF. Insulin and HGF were 


-, the most potent stimulating agents (respectively 7.5 and 6.9 fold), 


followed by. EGF (3.5 fold), while PMA and forskolin were 
without effect. The very small stimulation of PKB activity 
observed 1n the presence of TSH (1.2 fold) did not depend upon 
the intracellular increase in cAMP as forskohn, a general 


activator of adenylate cyclase, had no effect on the activity of this 
"enzyme. Treatment of thyrocytes with wortmannin (100 nM), 


added to the culture medium prior to stimulation of the cells by 
insulin, EGF or HGF, inhibited the activity induced by these 
agents. Ás expected, rapamycin (20 nM) was without effect on 


.. PKB activation. Stimulation, by insulin, EGF and HGF, of PKB 


activity was rapid as it was already noticed at the first time point 
studied (2 min), but the duration of the EGF action was much 
more transient than that of insulin and HGF, which induced 
PKB activation for at least 4 h (Figure 3B). The kinetic analysis 
also showed that TSH or forskolin did not enhance PK B activity 
at any time point studied from 2 min to 4 h. There was a good 
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Figare 3 Agents acting through receptor tyrosine kinases bet not TSH or 
PMA stimulate PKB activity 


After 4 days of culture in the absence of insulin, dog thyrord cells were stumulated (A) for 8 min 
with insulin (5 g/ml), TSH (1 mU/m), forskolin (1075 M), EGF (25 ng/ml), HGF (50 ng/ml) 
or PMA (TPA, 10 ng/ml) or (B) for the indicated times with Insulin, @, HGF, O, EGF, Ml, 
TSH, A, of forskolin, A Where indicated in (A), the cells were pretreated with 100 nM 
wortmannin (filled bars) or 20 nM rapamycin (hatched bar) for 30 min PKB activity was 
determined in an #7 vitro kinase assay as descnbed in the Experimental section using crosstide 
as a substrate. Results are presented as fold stimulation above control, and are a representative 
(B) or means -t S.D. of at least three Independent experiments (A) 


correlation between these results and the effect of the different 
agents on PK B mobility observed in mmunoblotting experiments 
(not shown). 


Evaluation of P! 3-kinase activity /n vitro 


The PI 3-kinase activity was assayed by the capacity of the 
enzyme found in anti-phosphotyrosine immunoprecipitates to 
phosphorylate PtdIns (Figure 4). Its activity was significantly 
increased in the anti-phosphotyrosine immunoprecipitates from 
thyrocytes treated for 5 min with either insulin, HGF or EGF 
(Figure 4A). The effect of EGF on this activity was much weaker 
than that of insulin or HGF. All three agents were also shown to 
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Figure 4 Agents acting through receptor tyrosine kinases but not TSH or 
PMA stimulate PI 3-kinase activity 


After 4 days of culture in the absence of insulin, dog thyroid celis were stimulated for 5 min 
with insulin (5 zg/mi), EGF (25 ng/mD, TSH (1 m-unit/m) or PMA (10 ng/ml) (TPA). Cells 
lysed using 1% (v/v) Nonidet-P40 were immunoprecipitated with an anti-phosphotyrosine 
antibody. (A) Precipitates were assayed for PI 3-kinase activity (see the Experimental section) 
and the **P-labelled lipid products were separated by TLC. PIP, Ptdlns3P. (B) Precipitates were 
Subjected to Western-blot analysis to determine the relative amount of p85a. 


Table 6 Abundance of Ptdins(3,4,5) P, in thyroid cells stimulated by various 
reagents 


After 4 days of culture in the absence of insulin, dog thyroid cells were prelabelied with (?P]P. 
(0.3 mCi/ml) for 3 h and stimulated for various periods of time with the appropriate reagents. 
Lipids were extracted and analysed as described in the Experimental section, The results are 
means of duplicate determinations in one representative experiment, and are expressed as a 
percentage of the total radioactivity. Similar results were obtained in one other experiment. N.D., 
below the limit of detection. 


Reagent Time Ptdins(3,4 5$) 
Control ~ 0.064 + 0.006 
TSH (1 m-unit/mi) 2 min 0.032 
8 min 0.017 
30 min 0.030 
Forskolin (107° M) 2 min N.D. 
8 min N.D, 
insulin (5 g/m) 2 min 0.245 + 0.004 
8 min 0180+ 0.014 
EGF (25 ng/ml) 2 min 0.131 4- 0.018 
8 min 0.070 + 0.009 
HGF (50 ng/ml) 2 min 0.161 + 0.019 
8 mín 0.158 
PMA (10 ng/ml 2 min 0.078 + 0.016 
8 min 0.055 -+ 0.007 





increase the amount of p85x on Western blots of anti-phospho- 
tvrosine immunoprecipitated material (Figure 4B), insulin being 
the most potent agent, followed by HGF, EGF being the weakest 
one. These results are consistent with the magnitude of the effect 
of these agents on PKB activity, and suggest that PI 3-kinase 
plays a minor role in EGF receptor-mediated signal transduction 
in dog thyrocytes. Figures 4(A) and 4(B) also show that we were 
unable to detect any PI 3-kinase activity or the presence of p85a 
in anti-phosphotyrosine immunocomplexes from cells treated 
with TSH or PMA. This is in agreement with the absence of PK B 
sumulation by these agents (Figure 3). 
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Agents acting through receptor tyrosine kinases but not TSH or 
PMA stimulate the production of 3-phosphoinositides in vivo 


To establish with certainty the lack of effect of TSH or PMA on 
the activity of any isoform of PI 3-kinase, intracellular levels of 
3-phosphorylated phosphoinositides were analysed. This ap- 
proach does not rely on any assumptions about how receptors 
may cause the increased formation of 3-phosphorylated phospho- 
inositides. Thyroid cells were prelabelled with [°*P]P, for 3 h and 
then stimulated with the different agents for 2 or 8 min. In the 
case of TSH. an additional time point (30 min) has been 
investigated as the increase in intracellular cAMP caused by this 
agent is maximal after about 30 min (results not shown). At the 
end of the culture, °*P-labelled lipids were extracted, converted 
to water-soluble deacylated derivatives and quantified by HPLC. 
As generally accepted, we make the assumption that changes in 
the ?*P content of the **P-labelled phosphoinositides reflect 
changes in their concentrations. Table 6 shows that insulin and 
HGF are very good stimuli of PI 3-kinase and that EGF is a 
weaker one. The increases in the level of [?P]PtdIns(3,4,5) P, in 
response to both insulin and HGF were observed after 2 min and 
were still present after 8 min of action of these agents, whereas 
the effect of EGF appeared quite transient, with PtdIns(3,4,5) P, 
levels almost returning to those of the control by 8 min. Insulin 
also provoked a measurable accumulation of ["P]PtdIns(3.4) P, 
Observed after 2 as well as after 8 min of action of the hormone 
(not shown). By contrast, PMA, TSH and forskolin did not 
increase the level of [?P]PtdIns(3.4,5) P,. TSH and forskolin 
seemed to even reduce its basal formation. 


DISCUSSION 


The aim of our work was to delineate the steps of the cascades 
leading to thyroid cell proliferation. In our study we show that 
in dog thyrocytes, p90 S6 kinase is only stimulated by cAMP- 
independent agents. This pattern of stimulation of p90 S6 kinase 
is similar to the one observed for MAPK activation [18,20,33] 
which agrees with and supports, in the case of the thyroid cell, 
the concept that p90 S6 kinase participates in Ras/ MAPK- 
mediated signal transduction [6]. The absence of stimulation of 
this pathway by the cAMP cascade shows that such a stimulation 
is not necessary for mitogenicity. 

cAMP-induced stimulation of p70 S6 kinase activity has been 
previously reported by Withers et al. [32] in the Swiss 3T3 cell 
line and by Cass et al. [36,37] in the WRT cell line. In this work, 
we show by mobility shift and immune-complex kinase assays 
that, in primary cultures of dog thyroid cells, which represent the 
best studied physiological model of the cAMP pathway, p70 S6 
kinase is indeed phosphorylated and activated by the cAMP- 
dependent agents, TSH and forskolin. and also by the 
cAMP-independent agents, EGF, HGF, PMA or insulin, al- 
though among them only HGF is mitogenic by itself, In dog 
thyroid cells, p70 S6 kinase activation thus represents the first 
common step of all the signalling pathways involved in prolifer- 
ation: the mitogenic pathways which require insulin action (TSH, 
forskolin, EGF, PMA), the permissive but non-mitogenic insulin 
pathway, and the fully mitogenic pathway (HGF). 

The first approach to identify participants in the mTOR /p70 
S6 kinase pathway was to use the inhibitors rapamycin and 
wortmannin or LY294002 which have been reported to be 
specific inhibitors of mTOR [7] and of PI 3-kinase [39] re- 
spectively. In agreement with the results obtained in other cell 
types [7], we have found that rapamycin almost completely 
blocked the basal phosphorylation and activity of p70 S6 kinase 
as well as its stimulation by the different agents acting on dog 
thyroid cells. Wortmannin and LY 294002 also decreased cAMP- 
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independent and cAMP-dependent phosphorylation and ac- 
tivation of p70 S6 kinase in these cells, although the cAMP- 
dependent p70 S6 kinase activity was only partially reduced by 
wortmannin in the WRT cell line [37]. The inhibition by wort- 
mannin, LY294002 and rapamycin of p70 S6 kinase activity 
stimulated by TSH, forskolin, EGF, HGF and PMA suggested 
that PI 3-kinase(s) and mTOR reside in the pathways controlled 
by all these agents leading to p70 S6 kinase stimulation. More- 
over, mTOR and PI 3-kinase seem to be necessary to induce the 
transition of quiescent cells through G, into S phase as rapamycin 
and wortmannin, even added late in G,, induced a marked 
decrease of the H]thymidine incorporation into nuclei and the 
prevention of the hyperphosphorylation of pRb and its related 
family members p107 and p130. As mTOR has been shown to 
have other substrates than p70 S6 kinase [40,41], we cannot 
confirm that p70 S6 kinase plays a necessary role in the prolifera- 
tion of dog thyrocytes, but our results are compatible with this 
idea. On the other hand, as neither insulin, nor TSH, forskolin, 
EGF or PMA is mitogenic per se, activation of p70 S6 kinase 
alone is certainly not sufficient to tngger DNA synthesis 

In order to investigate the role of PI 3-kinase(s) in the activation 
of p70 S6 kinase and/or DNA synthesis by the different mitogens 
acting on thyrocytes, we have studied the effect of these agents on 
the formation of 3-phosphoinositides products and on the activity 
of PI 3-kinase and of PKB. As already suggested by its mechan- 
ism of activation [10], PK B has been shown to be a target not only 
for the much studied PI 3-kinases « and f but also for PI 3-kinase 
y [42]. Its activation is therefore a good marker of the activation 
of any known isoform of PI 3-kinase [10]. In our work, we show 
that all of the growth factors tested which stimulate cells via 
receptor tyrosine kinases (insulin/IGF-1, HGF and EGF) were 
able to provoke the appearance of 3-phosphorylated inositol 
lipids in intact cells, the association of a PI 3-kinase with anti- 
phosphotyrosine antibodies and the phosphorylation and ac- 
tivation of PKB. Moreover there is a parallelism in the efficacy 
of these different agents to stimulate PI 3-kinase and PKB, 
insulin and HGF causing a strong and sustained activation of 
these enzymes whereas the effect of EGF on these activities was 
weak and transient. The inability of TSH, forskolin or PMA to 
cause the formation of PtdIns(3,4,5)P, 1n mtact cells and the 
activation of its direct target PKB strongly suggest that, in dog 
thyroid cells, TSH and cAMP as well as protein kinase C are not 
coupled to the formation of 3-phosphoinositides. Thus in dog 
thyrocytes, the events leading to p70 S6 kinase activation 
following exposure of the cells to TSH or PMA participate in 
pathways which do not include PI 3-kinase and which are still 
unknown. 

The inhibition by wortmannin and LY294002 of the TSH (or 
forskolin) or PMA stimulated p70 S6 kinase activity is intriguing. 
It may suggest a lack of specificity in the action of these drugs. 
Indeed wortmannin and LY 294002 have been shown to suppress 
the kinase activity of mTOR in vitro [43] and the former to 
inhibit stimulated phospholipase A, activity in Swiss 3T3 cells 
[44]. 

A lack of PI 3-kinase/PK B activation by phorbol esters has 
already been shown in other systems [42,45], while there are only 
few data concerning the regulation of these kinases by G-protein- 
coupled receptors. Recently Murga et al. [42] have reported that 
the pathway connecting G proteins to PI 3-kinase and PKB 
implicates a signal emanating from Ga,, Ga, and #y dimers, but 
not from Ga,, or Ga,. This is in agreement with the fact that 
TSH and its receptor which act, in dog thyroid cells, mostly 
through Ga, [46] is without effect on these enzymes. However in 
the WRT cell line, TSH and cAMP-elevating agents were reported 
to stimulate PK B through a PI 3-kinase dependent pathway [37], 


while 1n. COS cells, cAMP-elevating agents stimulate PKB 
through a PI 3-kinase independent one [13]. Obviously, as for 
other characteristics, the pathways stimulated by cAMP are 
different in these cell lines [15]. 

The fact that EGF, which strongly stimulates p70 S6 kinase, 
had only a weak and transient effect on PKB and on PI 3- 
kinase activities, is 1n agreement with the results obtained in 
skeletal muscle and adipose tissue [47]. It suggests the im- 
plication of other pathways in the action of this agent on p70 
S6 kinase activity. 

In contrast, we found a perfect correlation between the effect 
of insulin on PI 3-kinase, PK B and p70 S6 kinase activities which 
were all strongly stimulated by this agent. These observations are 
in agreement with numerous reports which implicate PI 3-kinase 
and PKB ın the activation of p70 S6 kinase by insulin [10]; they 
do not shed light on the exact architecture of the pathway leading 
to p70 S6 kinase activation which is still unknown. HGF, the only 
growth factor acting on thyroid cells which does not require the 
presence of insulin to induce DNA synthesis, also strongly 
stimulates PI 3-kinase/PK B and p70 S6 kinase activities. Unlike 
the activation of p70 S6 kinase, the activation of the PI 3- 
kinasc/PK B pathway thus represents the first effect of insulin not 
reproduced by the mitogenic agents which require insulin action. 
It is an obvious candidate to explain the permissive role of this 
hormone in the mitogenic effect of TSH, PMA and perhaps EGF 
in dog thyroid cells. Several facts support this hypothesis: (i) 
HGF, the only mitogenic agent which does not require insulin 
for its action, strongly activates PI 3-kinase and PKB, (ii) DNA 
synthesis induced by HGF in the absence of insulin is strongly 
inhibited by wortmannin, (iii) PMA and EGF, which as insulin 
activate the MAPK/p90: S6 kinase pathway but do not or 
weakly activate PI 3-kinase, are not permissive agents for TSH 
or forskolin [17]. However 1n the case of the mitogenesis induced 
by TSH or forskolin we cannot exclude a complementary con- 
tribution of the p42/p44 MAPK. pathway in the permissive effect 
of insulin. As insulin 1s routinely added to many cell culture 
media, this permissive mechanism may in fact apply to other cell 
types. Moreover, contrary to what was reported in the WRT 
cell line [37], we demonstrate in the-physiologically relevant 
system of primary cultures of dog- thyroid cells, that as PI 
3-kinase/PK B activity ıs not enhanced- by the physiological 
stimulus of thyroid cells cAMP, the Pf 3-kinase/PK B pathway 
cannot account either for the PK A-dependent mitogenic 
pathway(s) or for the PK A-independent one(s) Finally, as 
insulin/IGF-1 greatly activates the PI 3-kinasc/PK B pathway 
but does not by itself induce mitogenesis or dedifferentiation, the 
activation of this pathway per se is not sufficient to elicit these 
processes in thyroid cells. 
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The inheritance of the apolipoprotein E (apoE) e4 allele is a 
prevailing risk factor for sporadic and familial Alzheimer’s 
disease (AD). ApoE isoforms bind directly to Alzheimer’s amy- 
loid 7 (AJ) peptides both in vitro and in vivo. Recent studies 
suggest that association of apoE with lipids may modulate its 
interaction with AZ. We examined the binding of lipid-associated 
and delipidated apoE3 and apoE4 isoforms to Af utilizing a 
solid-phase binding assay and estimated the dissociation con- 
stants for the interaction of various apoE and Af species. Using 
native apoE isoforms from stably transfected RAW 264 and 
human embryonic kidney 293 cells, apoE3 had greater affinity 
than apoE4 for both A/1-40 and Af1-42. Delipidation of apoE 
decreased its affinity for Af peptides by 5-10-fold and abolished 
the isoform-specificity. Conversely, incorporation of apoE iso- 


aeterne en 


forms produced by  baculovirus-infected Sf9 cells into 
reconstituted human — high-density-lipoprotein lipoparticles 
restored the affinity values for Af peptides and resulted in 
preferential binding of apoE3. The data demonstrate that native 
lipid-associated apoE3 binds to Af peptides with 2-3-fold higher 
affinity than lipid-associated apoE4. Since the isoforms’ binding 
efficiency correlate inversely with the risk of developing late- 
onset AD, the results suggest a possible involvement of apoE3 in 
the clearance or routing out of Af from the central nervous 
system as one of the mechanisms underlying the pathology of the 
disease. 


Key words: Af, apoE isoform, dissociation constant, HDL, 
lipid, 


LL TATENA 


INTRODUCTION 


Amyloid £ (A) peptide is the major constituent of the fibrils 
deposited in senile plaques and cerebral blood vessels of patients 
with Alzheimer’s disease (AD) and related disorders. The Af 
peptide extracted from senile plaques is mainly 42-43 amino 
acids long (A/42/43), whereas the vascular amyloid consists 
mainly of shorter Af species (39-40 amino acids, A/739/40). 
Although both the short and long species self-aggregate and 
form fibrils im vitro, biochemical and immunohistochemical 
studies have shown that A/42/43 has a higher propensity for 
aggregation and fibrillogenesis (reviewed in [1]). Soluble A, 
predominantly 40 amino acids long, is also normally present in 
plasma, cerebrospinal fluid [2-4], urine [5] and brain parenchyma 
[6,7]. An increased amount of soluble Af in AD and Down's 
syndrome brains precedes the appearance of Af deposits [8], 
suggesting that soluble AJ species may be the immediate pre- 
cursors of deposited Af fibrils. Alternatively, a particular species 
of soluble Af may be responsible for the neurotoxic effect 
observed in vitro, as well as for the neuronal loss in vive not 
spatially correlated with fibrillar deposits [9—11]. 
Apolipoprotein E (apoE) co-localizes with cerebral amyloid 
deposits in patients with AD [12-15]. Its three major isoforms in 
humans (E2, E3 and E4) are products of three alleles at a single 
gene locus [16]. Genetic studies have shown that inheritance of 
apoE4 is a significant risk factor for AD [17,18], decreasing 
the age of onset and duration of disease [18,19]. In addition, the 
extent of AZ deposition in AD patients correlates with the doses 
of the APOE4 gene [20,21]. On the contrary, the c2 allele may 
confer lower risk for the disease than «3 and «4. The precise 


mechanisms by which the apoE isoforms are involved in the 
development of AD still remain unclear. 

The three apoE isoforms bind Af peptides in vitro, leading to 
the formation of complexes [18,22,23], although it is controversial 
whether there are differences in the binding interaction of the 
different isoforms with Af peptides. Initially, it was shown that 
purified (non-lipidated) apoE4 binds Af to form an SDS-stable 
complex more rapidly than apoE3 [22], although the efficiency of 
binding of the two apoE isoforms seemed comparable after 
prolonged incubations. Subsequent studies utilizing recombinant 
particle-associated apoE (native apoE) from human plasma and 
conditioned media of transfected eukaryotic cells, showed a 
preferential binding of apoE3 to Af, suggesting that the lipid 
association of apoE could play a relevant role in the isoform- 
specific interaction, probably by inducing a conformational 
modification in the apolipoprotein molecule [24-28]. All these 
studies detected the formation of complexes by SDS/PAGE 
followed by Western-blot analysis. This protocol provides limited 
information since it only detects SDS-stable apoE-A complexes 
and does not result in quantitative estimation of the binding 
data. In the present report the binding of particle-associated and 
purified delipidated apoE3 and apoE4 to both A240 and A42 
species was assessed by solid-phase binding assays that allow the 
calculation of the corresponding dissociation constants based on 
saturation profiles. Our results demonstrate that the affinity 
of native apoE3 for Af peptides is 2--3-fold higher than that of 
apoE4 and that native apoE molecules that contain lipid- 
associated moieties express 5-10-fold higher A /-binding affinity 
than the delipidated isoforms. 


MT a a a e e i a a i a its A e M e aL 


Abbreviations used: AJ, amyloid 7; AD, Alzheimer's disease; apoE, apolipoprotein E; BS3, bis(sulphosuccinimidyl) suberate; HDL, high-density 


lipoprotein; rHDL, reconstituted HDL; HEK, human embryonic kidney. 
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EXPERIMENTAL 
Synthetic peptides and proteins 


Peptides DAEFRHDSGYEVHHQKLVFFAEDVGSNKGA- 
IIGLMVGGVV (Af40) and DAEFRHDSGYEVHHQKLV- 
FFAEDVGSNKGAIIGLMVGGVVIA 1 (Af42), identical to 
residues 672-711 and 672-713 of Af-precursor protein 770 
respectively, were synthesized at the W. M. Keck Facility at Yale 
University (New Haven, CT, U.S.A.) using N-t-butyloxycarbonyl 
chemistry and purified by HPLC. Aliquots of the final products 
were lyophilized and stored at —20 °C until use. For preparation 
of aggregated peptides, 50 ug of ether Af40 or Af42 were 
dissolved in 100 ul of PBS (0.02 M phosphate buffer, pH 7.4, 
containing 0.15 M NaCl) and incubated at 37 °C for 72 h. apoE3 
and apoE4 produced in Sf9 insect cells by the baculovirus 
expression system were purchased from PanVera (Madison, WI, 
U S.A.). In all cases, protein purity was corroborated by SDS/ 
PAGE and N-terminal sequence analysis. 


apoE expressed by eukaryotic cell lines 


Human apoE3 or apoE4 were expressed individually in RAW 
264 mouse macropbage cells (À. T. C. C. TIB71) stably trans- 
fected with genomic DNA encoding the human apoE isoforms, 
and in human embryonic kidney (HEK) 293 cells (A. T. C.C. 
CRL1573) stably transfected with cDNA encoding the human 
apoE isoforms, and harvested in serum-free conditioned medium 
for each cell line as described ın [24,25,29,30]. Concentrations of 
secreted apoE were determined by capture-ELISA (ApoTek 
ApoE; Perlmmune, Rockville, MD, U.S.A.) after incubating the 
harvested conditioned media with 005% f-octyl glucopyrano- 
side for 1 h. Aliquots of conditioned media containing apoE3 or 
apoE4 were stored at 4 °C and used within 2 weeks of harvesting 


Purification of apoE from RAW-264-cell conditioned media 


Polyclonal AB947 anti-apoE antibody (1 ml; Chemicon, 
Temecula, CA, U.S.A ) was coupled to 2 ml of CNBr-activated 
Sepharose 4B according to the manufacturer’s instructions. 
Conditioned media containing apoE3 or apoE4 was loaded on to 
the AB947-affinity matrix. Bound apoE was eluted with 0.2 M 
acetic acid, pH 2.2, and immediately neutralized. The elution 
profile was monitored at 280 nm and the pertinent fractions 
were pooled and dialysed against 0.02 M Tris/HCl, pH 8.5, 
containing 0.1 M NaCl. 


Isolation of apoE-contalning particles from HEK-293-cell 
conditioned media 


Aliquots of serum-free conditioned media from HEK-293 cells 
stably transfected with human apoE3 or apoE4 cDNA, in which 
the apolipoproteins constituted approx. 50 % of the total protein 
content, were concentrated 50-fold with Centricon-10 (Amicon; 
Millipore, Bedford, MA, U.S.A.) as described previously [24]. 
Particles that contained apoE3 or apoE4 were isolated from the 
corresponding concentrated conditioned media by FPLC using 
tandem Superose 6 HR10/30 columns (Pharmacia, Piscataway, 
NJ, U.S.A.) equilibrated 1n 0.02 M sodium phosphate, pH 7.4, 
containing 0.05 M NaCi, 0.03% EDTA and 0.02% sodium 
azide as described in [31]. 


Dellpidation of apoE Isoforms purified from conditioned media of 
eukaryotic cell lines and from baculovirus-transfected Sf9 cells 


apoE isoforms from RAW-264 and HEK-293 cells, purified as 
described above, as well as apoE produced in Sf9 insect cells by 
the baculovirus expression system (PanVera), were delipidated in 
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aqueous state using diethyl ether and ethanol as described in [32]. 
Briefly, the lipoprotein-containing samples were extracted with 
an equal volume of a 3:2 (v/v) diethy] ether/ethanol mixture, 
followed by four subsequent extractions of the aqueous phase 
with a 3:1 (v/v) diethyl ether/ethanol solution. After the final 
extraction, the remaining solvent was evaporated under a N, 
stream and the apoE concentration determined as described 
above. 


Incorporation of apoE Into reconstituted high-density lipoprotein 
(rHDL) particles 


Extraction of total lipids from the human HDL fraction 


Human HDL fractions were isolated by preparative gradient 
ultracentrifugation of plasma obtained from normal healthy 
subjects, ages 25—40, after a 10—12-h fast as described previously 
[33]. The HDL fractions were dialysed extensively at 4 "C against 
PBS containing 1 mM EDTA, and the total lipid fractions (HDL- 
lipid) were extracted with a mixture of chloroform and methanol 
(1:2, v/v) and centrifuged at 1700 g for 5 min. The supernatant 
was combined with chloroform and 0.88 95 KCl (1:1, v/v) and 
centrifuged at 1700 g for 5 min. The bottom layer that contained 
the extracted lipids was collected, dried under a N, atmosphere, 
dissolved in chloroform and stored at —70 ?C until use. The 
amount of total cholesterol, total triacylglycerols and phospho- 
lipids in the HDL and HDL-lipid fractions were determined 
enzymically with Sigma (St. Louis, MO, U.S.A.) diagnostic kits. 


Preparation of reconstituted apoE-contalning HDL particles 


rHDL particles containing apoE were prepared as described in 
[34] using recombinant apoE expressed in baculovirus-infected 
Sf9 cells and the HDL-lipids extracted from human plasma HDL 
lipoparticles. In a typical experiment, the HDL-lpids (500 ug) 
were placed in a glass tube, dried under N, atmosphere, 
resuspended ın 0.01 M Tris/HCl buffer, pH 8, containing 0.15 M 
NaCl (TBS) and 0.001 M EDTA. After the addition of 280 ug of 
sodium cholate, the suspension was incubated at 4 °C for 12 h. 
Subsequently, 500 ug of either Sf9 apoE3 or apoEA was added 
to the reaction, incubated at 4 ?C for another 12 h, and dialysed 
extensively at 4 "C against PBS containing 0.01% EDTA. The 
fractions containing apoE incorporated into lipoparticles (apoE- 
rHDL) were separated from lipid-free apoE by gel-filtration 
chromatography using a Superose 12 column (Pharmacia) equi- 
librated in 0.02 M phosphate buffer, pH 7 4, containing 0.05 M 
NaCl, 0 03 % EDTA and 0.02 ? sodium azide, at a flow rate of 
0.8 ml/min. Collected fractions were analysed by native PAGE 
using 4-20% Tris/glycine gels and Western-blot analysis 
employing a monoclonal anti-apoE antibody (3D12; BioDesign, 
Kennebunk, ME, U.S.A.). The fractions containing apoE-rHDL 
were pooled for solid-phase binding studies and the concentration 
of apoE in the lipoparticles was determined using the ApoTek 
ApoE system as described above. 


Electron microscopy analysis of rHDL particles 


rHDL particles containing either apoE3 or apoE4 were examined 
by transmission electron microscopy Droplets (10 ul) of each of 
the 5-fold-concentrated apoE-rHDL fractions were placed on a 
Formvar carbon-coated grid and stained with 2% sodium 
phosphotungstate as described in [35,36]. The shape and diameter 
of the lipoparticles were evaluated from enlarged prints of 
photomicrographs and the mean diameter was calculated from 
100 particles. 


Chemical cross-linking of rHDL particles 


apoE molecules reconstituted into HDL particles were cross- 
linked using bis(sulphosuccinimidyl) suberate (BS3) as described 
in [36,37]. Briefly, BS3 was added to the apoE-rHDL fraction at 
a concentration of 0.002 M in PBS, incubated at room tem- 
perature for 4 h, and the reaction stopped by the addition of 
0.03 M Tris/HCI buffer, pH 7.4. After desalting with Microcon10 
(Amicon, Millipore) and lyophilization, the cross-linked samples 
were separated by Tris/Tricine PAGE (10% polyacrylamide), 
transferred on to an Immobilon-P membrane (Millipore) and 
reacted with monoclonal 3D12 anti-apoE antibody followed by 
horseradish-peroxidase-conjugated anti-mouse IgG. The West- 
ern blot was developed by chemiluminescence using the Super- 
Signal kit (Pierce, Rockford, IL, U.S.A.). 


Solid-phase binding assays 


The binding of apoE to Af species was studied by ELISA using 
immobilized freshly prepared (non-aggregated) or 72-h-aggre- 
gated A40 and Af42 as described in [38] and apoE3 or 
apoEA isoforms with different degrees of lipidation. Polystyrene 
microtitre plates (Immulon 2; Dynex- Technology, Chantilly, 
VA, U.S.A.) were coated for 2h at 37°C with either fresh or 
aggregated A40 and A42 (400 ng in 100 ul of 0.1 M NaHCO,, 
pH 9.6, per well). Under these conditions, 10 ng of fresh A40, 
9.6 ng of fresh A42, 10.2 ng of aggregated A40 and 10.9 ng of 
aggregated Af42 (representing 2.5, 2.4, 2.6 and 2.7% of the 
peptide offered, respectively) were coated to the microtitre wells, 
as determined by a modification of the Quantigold assay 
(Diversified Biotech, Boston, MA, U.S.A.) for protein quanti- 
fication. After blocking with Superblock (Pierce), increasing 
concentrations of apoE (0-150 nM in TBS; 100 ul per well) were 
added to the Af-coated wells and incubated for 3h at 37°C. 
Bound apoE was detected with monoclonal anti-apoE antibody 
(3D12, 1:1000) followed by alkaline-phosphatase-conjugated 
goat F(ab’)2 anti-mouse IgG (1:3000; BioSource International, 
Camarillo, CA, U.S.A.). The reaction was developed for 30 min 
with p-nitrophenyl phosphate in diethanolamine buffer (Bio- 
Rad, Hercules, CA, U.S.A.), and quantified at 405 nm on a 
Microplate Reader (Cambridge Technology, Watertown, MA, 
U.S.A.) For Scatchard analysis, bound apoE values were 
expressed in fmol with the aid of a calibration curve in which 
known concentrations of apoE coated to microtitre wells (as 
determined by Quantigold assay) were reacted with 3D12, 
followed by alkaline-phosphatase-conjugated F(ab’)2 anti-mouse 
IgG under conditions identical with those described above. Under 
the experimental conditions employed, an excess of apoE was 
reacted with solid-phase Af; therefore, only a small fraction of 
added ligand bound to the immobilized peptide and the con- 
centration of free ligand was considered equivalent to the total 
apoE added. Non-linear regression analysis, Scatchard plots, 
estimation of dissociation constants and comparison of protein- 
binding data for statistical significance by calculation of the F 
ratios were assessed using GraphPad Prism software (GraphPad, 
San Diego, CA, U.S.A.). 


RESULTS 


apoE3 and apoE4 isoforms produced by baculovirus-infected 
Sf9 cells were 1ncorporated into rHDL particles employing the 
lipids extracted from human plasma HDL fractions. The resulting 
hpoparticles were characterized in terms of molecular mass, 
particle size, number of apoE molecules per particle, and lipid 
content. As indicated in Figure 1, both apoE3- and apoE4-rH DL 
were eluted from the gel-filtration matrix at a retention time con- 
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sistent with a molecular mass of approx. 230000 Da, which 
corresponds to the mass of HDL particles. apoE molecules not 
incorporated into the particles were recovered mostly in a second 
peak at a retention time corresponding to 135000-140000 Da 
and a minor peak at 35000 Da that consisted of apoE monomers 
and which represented approx. 10% of the total apoE. Delipi- 
dated apoE preparations subjected to gel-filtration chromato- 
graphy, under identical conditions, were eluted as a major peak 
at 135000—140000 Da, corresponding to the tetrameric form of 
the molecule, and a minor peak (10—20 95) that corresponded to 
the 35000 Da monomer (results not shown), in agreement with 
data reported previously [39] that demonstrated that apoE in 
aqueous solutions and in the absence of lipids self-associates 
and forms stable tetramers. 

Electron microscopy studies revealed that apoE3- and apoE4- 
rHDL were spherical in shape and relatively homogeneous in 
size (Figure 2À), with a diameter that ranged from 7.1 to 
17.9 nm for the apoE3-rHDL (mean, 11.8 nm) and from 7.0 
to 18.1 nm for the apoE4-rHDL (mean, 11.9 nm). The number of 
apoE molecules incorporated per particle, assessed by covalent 
cross-linking followed by Western-blot analysis, was similar for 
both isoforms. Per particle, 1-4 molecules of apoE were incor- 
porated (Figure 2B). The majority of the lipoparticles in both 
apoB3-rHDL and apoE4-rHDL preparations contained three 
molecules of apolipoprotein per particle. The lipid composition 
of rHDLs was 18.7% total cholesterol, 9.0% triacylglycerols 
and 72.3% phospholipids, comparable with the plasma HDL 
fraction. 

To study the effect that apoE lipidation exerts on the binding 
interaction with Af peptides the following apoE preparations 
were employed in the solid-phase assays: (i) apoE molecules 


200 kDa 30 kDa 


Y Y 


Absorbance (280 nm) 





volume (min) 


Figure 1 Purification of apoE-contalning rHDL particles by gel-filtration 
chromatography 


rHDLs were prepared by Incorporating apoE3 and apo£4 produced in the baculovirus expression 
system into HDL particles employing the lipids extracted from human HDL frachons, as 
described in the Expenmental section. apoE-containing rHDL parhcies were separated from 
lipid-free apoE by gel-filtration chromatography using a Superose 12 column (Pharmacia) 
equilibrated in 20 mM phosphate buffer, pH 7 4, containing 50 mM NaCl and 0 03% EDTA, at 
a flow rate of 0.8 mi/min The corresponding elubon profiles for apoE3 (@) and apoE4 (CO) 
were monitored by A... and the presence of apoE in the eluted frachons was corroborated by 
Western-blot analysis employing monoclonal anti-apoE antibody 3D12 The elutlon profile 
indicates that the apoE molecules incorporated into rHDL particles were eluted at a retention 
time that ranged from 9 to 12 min, corresponding to a molecular mass of 230 kDa Lipoprotein- 
free apoE monomers were eluted at 22 min, a retention time that corresponded to a molecular 
mass of approx 35 kDa 
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A 


Figure 2 Biochemical characterization of apoE-containing rHDL 





(A Electron microscopy: rHDL particles containing apoE3 (upper panel) or apoE4 (lower panel) were placed on a Formvar carbon-coated electron microscopy grid and negatively stained with 2% 
sodium phosphotungstate. The lipoparticles consisted of spherical particles relatively homogeneous in size with an average diameter of 11.8 am for apoE3, and of 11.9 nm for apoE4. The scaie 
bar corresponds to 30 nm. (B Covalent cross-linking and Western-blotting analysis of apoE molecules in rHDL particies. apoE3 or apoE4 molecules incorporated into rHDL were cross-linked for 
4 h using BS3. After desalting and lyophilization, the cross-linked samples were separated by Tris/Tricine gel electrophoresis, transferred to an immobilon P membrane and analysed by Western 
blotting using monoclonal 3012 anti-apoE antibody, Visualization was carried out by chemiluminescence. Lane 1, delipidated apoE4; jane 2, apoE3 incorporated into rHDL particles; lane 3, apoE4 
incorporated into rHDLs. Arrows indicate the positions of the monomers, dimers, trimers and tetramers of apoE incorporated into the lipoparticies. 


produced by baculovirus-infected Sf9 insect cells, including native 
preparations, delipidated apoE isoforms and delipidated apoE 
molecules reconstituted into lipoparticles with human HDL 
lipids, and (ii) apoE secreted by stably transfected RAW and 
HEK cells, both in their native state and after removal of 
the lipid moieties. In all cases, increasing concentrations of the 
apoE3 or apoE4 isoforms with or without lipids were allowed to 
interact with a constant amount of immobilized Aj peptides 
(Af40 and A//42) at physiological pH and temperature. The 
binding curves were generated by determining the amount of 
each apoE isoform bound to the A/ peptides for each con- 
centration of added apoE monomer. A dose-response relation- 
ship that reached saturation and fitted a rectangular hyperbola 
was obtained in each case. The dissociation constants were 
calculated as the half-maximal concentration of apoE monomer 
required for saturation, assuming that each monomer behaves as 
an independent entity and that there is no co-operative or 
synergistic interaction among the different molecules within the 
lipoparticle. In support of this assumption it is interesting to note 
that apoE molecules appear not to self-associate on lipid surfaces 
[40]. Scatchard plots were used to display the results more 
graphically and demonstrate the differences in affinity showed by 
the different apoE preparations. As indicated in Figure 3, removal 
of the lipid moieties from the different apoE preparations tested 
resulted in a lower binding activity for both 4/40 and A42. In 
addition, the lack of lipid-associated molecules translated into 
the loss of the isoform specificity for the interaction with Af 
peptides. A higher binding for Af peptides was observed for the 
apoE3 than for the apoE4 isoform when the lipoproteins 
contained lipid-associated molecules. This isoform specificity 
was abolished by delipidation that resulted in an overlapping of 
the binding curves for both apoE3 and apoE4 from stably 
transfected HEK (Figures 3B and 3E) and RAW cells (Figures 
3C and 3F). A similar effect was observed when delipidated apoE 
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molecules derived from Sf9 cells were used for the binding 
interaction (Figures 3A and 3D). Interestingly, incorporation 
into rHDL-like lipoparticles restored the binding activity 
difference between the two isoforms, with higher values obtained 
for apoE3. In all cases non-specific binding, determined as the 
binding of increasing concentrations of apoE to blocked micro- 
titre wells that were not coated with AJ peptides, never exceeded 
8*5 of the specific binding. 

Table ! displays the dissociation constants estimated from the 
corresponding saturation curves shown in Figure 3. The lipidated 
apoE isoforms (E3 and E4) showed, in all cases, higher affinity 
for Af peptides than the delipidated molecules (P < 0.01). In 
addition, there was a statistically significant (P « 0.01) higher 
affinity of binding for the apoE3 isoform than for the apoE4 for 
both AJ peptides in lipidated apolipoprotein preparations 
(RAW- and HEK-derived) and in Sf9-derived molecules upon 
incorporation into rHDL particles. On the contrary, in lipid- 
depleted isoforms the binding of apoE3 and apoE4 to all Af 
species tested did not differ significantly (P > 0.05), confirming 
that lipid association confers isoform specificity. A quantitative 
difference in Af binding was also observed for nascent apoE 
secreted by transfected eukaryotic cells in culture compared with 
apoE produced by the baculovirus expression system, with a 
higher affinity of binding for the native lipoparticles. The K, 
values obtained for Sf9-derived apoE3 for A/40 and Af42 were 
93+0.6nM and 13.34+1.3nM, respectively, while for apoE4 
binding to Af40 and A//42 the corresponding A, values were 
10.3+0.9 nM and 13.9 - 1.4 nM. These results are in agreement 
with previous reports that found that native apoE molecules 
secreted by BHK-21 transfected cells have higher tendency to 
form complexes with Af than the baculovirus-generated apolipo- 
proteins [28]. It is likely that the differences in A7-binding affinity 
of the apoE isoforms from various sources reflect a dissimilar 
degree of lipid association. In the case of BHK-21 cells, flotation 
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Figure 3 Binding curves for the Interactions of spoE3 aad apoE4 with immobilized AB peptides 


Increasing concentrations (0-150 nM) of various apoE3 (Bi, CI) or apoE4 (€. ©) preparations were reacted with microtitre ELISA wells coated with non-aggregated A40 or A42 for 3 h. 
Bound apot was detected, in all cases, with monoclonal 3012 anti-apoE antibody, followed by alkaline-phosphatase-labelled anti-mouse IgG Insets, Scatchard transformation of the binding data 
(A, D) Binding to A840 and A//42, respectrvely, of Sf9-derived apoE3 and apoEA, both delipidated (C. ©) and upon incorporation into rHOLs (Wl, @). (B, E) Binding to A840 and A42, 
respectively, of HEK-derived apoE3 and apoE4, both In thelr native HDL particles (Bil, @) and following delipidaton (J, ©). (C, F) Binding to A40 and A542, respectively, of RAW-derlved 
apoE3 and apoE4, both in their native HDL particles (Bil, @) and following deipidabon (C], ©). In all casas, each point represents the mean -- S D. of experiments performed In triplicate ——, 
Lipidated apoE3, ——, lipldated apoE4, —-—, delipidated apoE3; ----, delipidated apoE4 


Table 1 Effect of lipidation In the Interaction of non-aggregated A40 and AD42 with apoE3 and apoE4 


Values represent the mean dissociabion constants (+50 , expressed in nM) of tnplicate experiments Statistical significance ilpidated versus non-lipidated, P < 0.01, lipidated apoE3 versus 
lipkdated apok4, P < 001, non-ipidated apoE3 versus non-lipidated apoE4, P > 005 (ali F tests) 


Dissocrabon constant (nM) 


Linidated Non-lipedated 
apoE (source and isoform} ApAQ A42 A40 A42 
Sf9 cells 
apoE3 16+01 10+01 22727 186-+27 
apoE4 33+03 27+04 23.3+34 225-+41 
HEK cells 
apoE3 24302 1801 178+31 1863.6 
apoE4 3.9 -40.4 34+03 18.2+3.0 197 4-32 
RAW celis 
apoE3 57:09 50-407 23.9 3-31 192424 
apoE4 1194-25 391412 232433 203432 
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analysis demonstrated that 45% of the secreted apoE 1s 
associated with HDL-like particles, 40% with lipid-poor 
particles, and 15% is found in the lipid-free fraction [41]. 
Removal of the associated lipids from Sf9-, RAW- and HEK- 
derived apoE molecules resulted in similar affinities for Af 
peptides (Table 1). Upon incorporation into rHDL particles the 
binding affinity of the Sf9-derived apoE isoforms reached values 
almost identical with those of the HEK-derived apolipoprotein 
(e.g. K, = 1.6 nM versus 2.4 nM for the apoE3-A/40 and K, = 
33nM versus 39 nM for the apoE4-Af40, respectively). In 
addition, the Sf9-derrved apoE molecules reconstituted into 
HDL particles showed 1soform-specific binding behaviour with a 
higher binding affinity for the apoE3 isoform. This contrasts 
with previous reports that baculovirus-produced apoE isoforms 
incorporated into lipoparticles generated with synthetic lipids 
(1-palmitoyl-2-oleoyl glycero-3-phosphocholine) showed a di- 
minished efficiency to form complexes with Af peptides, although 
the preferential binding of apoE3 apoE4 was maintained [28]. 

Binding studies using immobilized aggregated Af peptides 
showed similar results to the non-aggregated species. À prefer- 
ential binding for the apoE3 isoform derived from RAW cells 
was observed for both aggregated A40 and A42 (K, values 
were 6.5+ 1.1 nM and 6.7+1 nM, respectively), with an approx. 
3-fold higher affinity than the apoE4 isoform (K, = 16.5 2.7 nM 
for A40 and K, = 18.2+2.8nM for A42). This isoform 
specificity disappeared following delipidation that resulted in K, 
values of 30.4+2.8 nM and 28.3+2.8 nM for the binding to 
Af40 of apoE3 and apoE4, respectively; the corresponding 
constants for apoE3 and apoE4 binding to Af42 were 
24.6 - 3 nM and 27.6 - 2.9 nM. 


DISCUSSION 


apoE is a ubiquitous protein synthesized predominantly in 
liver, brain, spleen, lung, adrenal gland, kidney and muscle. In the 
brain apoE mRNA is present mainly in astrocytes and microglia 
[42,43]. During synthesis, apoE is incorporated into lipoprotein 
particles that are involved in lipid transport and clearance 
through the binding to the low-density lipoprotein (LDL) and 
very-low-density lipoprotein (VLDL) receptors, as well as to 
low-density lipoprotein receptor-related protein 1, apoE receptor 
2 and glycoprotein 330 (also known as megalin or low-density 
lipoprotein receptor-related protein 2) [44]. In the central nervous 
system the secretion of apoE by non-neuronal cells increases 
dramatically following neuronal injury, and it has been suggested 
that apoE participates in the growth and repair of the nervous 
system by providing the lipid moieties necessary for membrane 
synthesis. 

The three apoE isoforms have been demonstrated to bind Af 
peptides, resulting in the formation of SDS-stable complexes 
[18,22,23]. Our results provide for the first time quantitative data 
clarifying the isoform-specific binding of apoE to Af by means 
of the estimation of the corresponding dissociation constants. In 
addition, by comparing the affinity constants for the A inter- 
action of apoE from different sources, both lipid-associated and 
delipidated, these results demonstrate quantitatively that lipid- 
ation of apoE molecules modifies their affinity for different 
species of Af Lipidation not only increased the affinity of both 
apoE3 and apoE4 for Af, but also accentuated the isoform 
differences. 

Purified apoE molecules have been shown to require lipids to 
maintain their biological activity in most other assay systems, 
presumably by allowing the molecules to acquire their functional 
configuration in the hydrophobic lipidic environment. These 
apoE biological assays 1nclude such diverse functions as receptor 
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binding, modulation of neuritic growth and antioxidant proper- 
ties. It is known that association with lipids is essential for apoE 
binding to cellular apoE receptors [31]. Purified delipidated 
apoE 1s not a functional ligand for the apoE receptor; how- 
ever, the receptor-binding activity 1s restored after apoE is 
reconstituted with phospholipid moieties [45]. Another example 
of lipid requirement for the expression of the biological activity 
of apoE is provided by primary dorsal root ganglia cultures. In 
this system purified apoE3 and apoE4 have no effect on neuritic 
growth. However, when employed ın the presence of VLDLs, 
both apoE isoforms affect neuritic growth, with apoE3 increasing 
neuritic extension and decreasing branching and apoE4 
decreasing both branching and extension [46]. Finally, another 
setting in which the lipid association affects the activity of apoE 
are the antioxidant and anti-cytotoxic effects indicated by 
apoE isoforms secreted by stably transfected RAW-246 cells that 
are enhanced by lipid association [30]. In summary, the associ- 
ation with lipid moieties seems to be a prerequisite for the 
expression of the diverse biological activities of apoE in their full 
capacity, presumably by contributing to the acquisition of an 
optimal three-dimensional configuration. 

apoE has been related to the pathogenesis of AD. Epidemio- 
logical studies have shown that the e4 allele is a risk factor for 
AD, although the mechanisms underlying this association remain 
to be defined. Substantial evidence suggests that the binding 
interactions between apoE and Af peptides may be critical in the 
pathogenesis of the disease by affecting the aggregation properties 
and/or the clearance of the Af peptide and thereby influencing 
Af deposition. Recent studies have provided compelling evidence 
for a role of apoE in Af deposition in vivo. In transgenic mice 
that over-express a mutant amyloid precursor protein and 
develop age-dependent Af deposition, breeding with apoE- 
knock-out animals (apoE ^) resulted in a significant decrease of 
Af deposition ın comparison with animals expressing endogen- 
ous apoE [47]. In a strikingly contrasting result, it was found that 
the expression of human apoE3 and apoE4 isoforms at physio- 
logical levels, in amyloid precursor protein-transgenic mice with 
apoE background, suppress early Af deposition [48]. This 
suggests that human apoEs have different binding affinities for 
Af peptides from the mouse isoforms, resulting in different 
clearance capabilities. Further studies will provide a better 
understanding of the Af catabolism/deposition pathways and 
the involvement of the apoE, and other chaperones in the 
biochemical mechanisms leading to AD. Systematic analysis of 
the interactions of Af peptides with different intra- and extra- 
cellular protein ligands, including apoE, as well as clarification of 
the effects that post-translational modifications exert on the 
various ligand interactions, may provide new insights into 
the molecular events leading to the pathogenesis of the disease. 
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CsaA from the Gram-positive bacterium Bacillus subtilis has 
been identified previously as a suppressor of the growth and 
protein-export defect of Escherichia coli secA(Ys) mutants. CsaA 
has chaperone-like activities in vivo and in vitro. To examine 
the role of CsaA in protein export in B. subtilis, expression of the 
csaÁ gene was repressed. While export of most proteins remained 
unaffected, export of at least two proteins was significantly 
reduced upon CsaA depletion. CsaA co-immunoprecipitates and 
co-purifies with the SecA proteins of E. coli and B. subtilis, 
and binds the B. subtilis preprotein prePhoB. Purified CsaA 


stimulates the translocation of prePhoB into E. coli membrane 
vesicles bearing the B. subtilis translocase, whereas it interferes 
with the SecB-mediated translocation of proOmpA into mem- 
brane vesicles of E. coli. The specific interaction with the SecA 
translocation ATPase and preproteins suggests that CsaA acts as 
a chaperone that promotes the export of a subset of preproteins 
in B. subtilis. 


Key words: chaperone, co-immunoprecipitation, co-purification, 
in vitro translocation, protein translocation. 





INTRODUCTION 


In Eubacteria, proteins can be translocated across the cytoplasmic 
membrane and secreted into the medium. These proteins are 
usually synthesized as precursors with an N-terminal extension, 
the signal peptide (for review, see [1], which is essential for 
directing them into the export pathway (for review, see [2]. 
Genetically and biochemically the best-characterized bacterial 
export system is that of Escherichia coli (for reviews, see [2,3]). 
This system, termed preprotein translocase, consists of the 
peripheral membrane protein SecA [4] and a muiti-subunit 
membrane-protein complex with SecY, SecE and SecG as 
subunits [5]. The SecYEG complex acts as a receptor for SecA, 
and functions as a preprotein-conducting channel [6,7]. During 
or shortly after the translocation of the preprotein across the 
membrane, the signal peptide is removed by signal peptidase(s) 
(for review, see [8D, a prerequisite for the release of the mature 
protein from the membrane [9]. The integral membrane proteins 
SecD and SecF [10] are not essential for precursor protein 
translocation but, when overproduced, stabilize the SecYEG- 
bound SecA in a membrane-inserted state [11]. 

Whereas bacterial protein translocation is largely uncoupled 
from ongoing translation [12], efficient export requires chap- 
erones to maintain preproteins in a translocation-competent 
state and to target them to the membrane-associated part of the 
translocase. In E. coli, SecB is an export-dedicated cytosolic 
chaperone that is required for efficient export of a subset of 
preproteins [13]. SecB stabilizes preproteins in an unfolded, non- 
aggregated state [14], and binds post-translationally or at the late 
co-translational stage to the mature region of these proteins [15]. 
The SecB-preprotein complex is then targeted to the SecYEG- 
bound SecA. The preprotein is subsequently transferred from 
SecB to SecA, and, upon the ATP-dependent initiation. of 
translocation, the SecB is released into the cytosol [3]. In vivo, 
only a subset of preproteins appears to be translocated in a SecB- 


dependent manner [2]. A second targeting factor, consisting of 
the Ffh protein and the 4.5 S RNA, assists the export of SecB- 
independent exported proteins [16]. Other molecular chaperones, 
such as the heat-shock proteins DnaK /DnaJ/GrpE [17-19] and 
GroEL/GroES [20], appear also to be involved under specific 
conditions. 

The central components of the protein-translocation system of 
B. subtilis are similar to those of E. coli. So far, homologues 
of Ffh, 4.5 S RNA, SecA, SecY, SecE, SecG, SecDF and several 
type-I signal peptidases have been identified (for review see [21]). 

So far, it 1s unknown if chaperones are involved in protein 
translocation in B. subtilis. B. subtilis lacks a SecB homologue 
[22] and this has raised the question of whether other chaperones 
are involved in protein translocation. Depletion of signal- 
recognition-peptide (SRP) components impairs protein trans- 
location [23,24], and the B. subtilis Ffh interacts directly with 
SecA and promotes the formation of soluble SecA-preprotein 
complexes [25]. This has led to the suggestion that SRP of B. 
subtilis not only acts as a targeting factor in co-translational 
translocation, but also stimulates post-translational translocation 
of preproteins [25]. The B. subtilis CsaA protein specifies 
chaperone-like activities possibly related to protein translocation 
[26]. The csaA gene was identified as a suppressor of growth and 
secretion defects of E. coli secA(Ts) strains [27]. Presence of 
CsaA stimulated precursor processing in secA, secB, groEL and 
dnaJ mutant strains of E. coli and it suppressed the growth 
defects of dnaK, dnaJ and grpE mutants of E. coli. CsaA 
stimulates the reactivation of heat-denatured firefly luciferase 1n 
groEL, groES, dnaK and grpE mutant strains of E. coli, and 
prevents the aggregation of heat-denatured luciferase in vitro. 
The exact mechanism by which CsaA suppresses the growth and 
secretion defects of E. coli secA(Ts) strains is unknown. CsaA 
may either improve the translocation-competence of exported 
preproteins, thereby making them better substrates for mutant 
SecA proteins, or stimulate the translocation activity of the 


Abbreviations used. NaP, inorganic phosphate, NaH;PO,; His;-CsaA, hexa-histidine-tagged CsaA; His,-SecB, hexa-histidine-tagged SecB; His,- 
prePhoB, hexa-histidine-tagged prePhoB, IPTG, isopropyl £-o-thiogalactoside, Ni-NTA, Ni?*-nitrilotriacetate, SRP, signal recognition peptide 
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mutant SecA proteins. Expression of CsaA in £. coli suppresses 
synthesis of SecB [26], whereas an impaired function of general 
chaperones causes an elevation in SecB expression [28]. These 
data further suggest a chaperone function of CsaA that could 
possibly be related to protein translocation. 

In this paper we have further examined the role of CsaA in 
protein translocation in B. subtilis. CsaA affects the efficient 
secretion of some preproteins, and interacts specifically with 
SecA and preproteimns. The data suggest that CsaA acts as a 
chaperone that promotes the export of a subset of preproteins in 
B. subtilis. 


EXPERIMENTAL 
Bacterial! strains, plasmids and media 


Bacterial strains and plasmids used in this study are listed in 
Table 1. Strains were grown in TY medium (Bacto Tryptone/ 
Bacto Yeast extract) or on TY plates [28] Pulse labelling of B. 
subtilis was carried out in defined HPDM medium [29], casamino 
acids were replaced by amino acids (0.02 mg/ml) excluding 
methionine and cysteine. If required, ampicillin (80 ug/ml), 
erythromycin (5 ng/ml) or kanamycin (20 ug/ml) were added. 


Blochemicals 


B. subtilis SecA [32], E. coli SecA [33] and the B. subtilis GroELS 
complex [34] were isolated from overproducing strains as de- 
scribed. proOmpA [7] and hexa-histidine-tagged prePhoB 
(His,-prePhoB) [35] were purified as described. Purified pro- 
OmpA, prePhoB and SecA proteins were labelled with carrier- 
free ‘I according to van Wely et al. [35]. Labelled preproteins 
were stored frozen in 6 M urea. Polyclonal antiserum was raised 


Table 1 Bacterial strains and plasmids, and thelr genotype/phenotypes 


IPTG, rsopropy! f-p-thiogalactoside, His,-CsaA, hexa-histidine-tsgged CsaA, His, SecB, hexa- 
histidine-tagged SecB 


Strain/plasmid Relevant genotyps/phenotype Reference 
Strains 
B subtilis 
DB104 his, DE, apt [30] 
DB104 pMUTINcsaÁ — DB104, allows [PTG-inducible expression of This study 
CS2A 
E cal 
TGI hsdD^/ F traD36, praA* B*, A(lac-prd) lacia, [31] 
kZ AM15 
TG1(pREP4) Host for overexpression of His-tagged proteins This study 
TG1(pREP4, pQEScssA) TG1 derivative strain, Km’, Ap’, allows IPTG- This study 
inducible synthesis of His,-CsaA 
TG1(pREP4, pQE9sec8) TG1 derivative strain, Km’, Ap’, allows IPTG- — This study 
inducible synthesis of His,-SecB 
Plasmids 
pMUTIN2 pBR322-based integration vector for B [40] 
subtilis, contaning IPTG-inducible P... 
promoter, Ao’, Em' 
pMUTIN csaA’ pMUTIN2 dartvative, cames the 5’ part of 
osaA 
pREP4 plasmud, containing fac/* repressor gene, Km' — Qiagen 
pQE9 pBR322-based vector for IPTG-inducible Qiagen 
synthesis of Hisgtagged proteins, Ap’ 
pOEScsaA pQE9 denvative plasmid, Ap’, allows IPTG- This study 
inducible synthesis of Hts,-CsaA 
pOESsecB TG1 denvative plasmid, Ap‘, allows IPTG- Thus study 
inducible synthesis of His,-SecB 
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against purified hexa-histidine-tagged CsaA (His,-CsaA). Anti- 
sera against SecA from B. subtilis were from R. Freud! (Fors- 
chungszentrum Jülich, Jülich, Germany). Membrane vesicles 
were prepared from E. coli strain SF100 [36] containing 
plasmid pET605 overproducing SecYEG from E. coli [37] 
or plasmid pET822 overproducing SecYEG from B. subtilis 
DB104 as described in [38]. Membrane vesicles were treated 
with polyclonal antibodies against E coli SecA to deplete 
and inactivate the endogenous SecA [38]. 


DNA manipulation/techniques 


Procedures for DNA purification, restriction, ligation, trans- 
formation of E. coli and agarose-gel electrophoresis were carried 
out as described by Sambrook et al [39] The nucleotide sequences 
of cloned PCR fragments were confirmed by DNA sequencing. 

To amplify csaA', oligonucleotides 5’-TCTCGAATTCAAT- 
AGGAGAAAAAGGAGTT"*-3', localized 5' to the mbosome- 
binding site of csaá and incorporating an EcoRI re- 
striction site, and 5/-GGACCAAGGGATCCGATTTAAAT- 
CCGGCG"'-3, localized within csaA and incorporating a 
BamHI restriction site, were used (the numbers refer to those in 
Müller et al. [27]). The csaA’ gene was amplified by PCR from B. 
subtilis chromosomal DNA. The amplified fragment was digested 
with EcoRI and BamHI and cloned into pMUTIN2 [40] 
digested with the same enzymes. The resulting plasmid pM UTIN 
csaÁ' was integrated into the chromosome of B subtilis DB104 
via Campbell-type integration. 

For synthesis of His-tagged proteins secB and csaA genes were 
amplified excluding their ATG start codons and were inserted 3' 
to the His-coding region of pQE9. Genes were amplified by PCR 
using oligonucleotides 5'-CACGGATCCGAACAAAACAAC- 
ACTG*?-3', incorporating a BamHI restriction site, and 5'- 
CCGACTGCAGTCATTGAAGCATTACG?9-3',, with a PstI 
restriction site, for secB (the numbers refer to those used in [41]), 
and oligonucleotides 5'-GGAGTTATIGGATCCGCAGTTA- 
TTGATGAC???-3', with a BamHI restriction site, and 5'-GCC- 
GATCTCITGCAGGCCTTTACGGCACACACG??:-3  incor- 
porating a PstI restriction site, for csaA (the numbers refer to 
those used in [27]). PCR fragments were purified, digested with 
BamHI and PstI and inserted into pQE9 digested with the same 
enzymes. The resulting plasmids pQE9secB and pQE9csaA were 
transformed into E. colt TG1(pREP4). 


Pulse—chase protein labelling and analysis of protein secretion 


Pulse-chase protein-labelling experiments were performed as 
described by van Dijl et al. [42]. B. subtilis was grown 1n minimal 
medium to exponential growth in the absence or presence of 
1 mM isopropyl £-p-thiogalactoside (IPTG), pulse labelled with 
[S]methionine for 1 min and subsequently chased. Samples 
were taken 2 and 5 min post chase time and proteins secreted into 
the growth medium were collected as described in [43]. SDS/ 
PAGE was performed according to Laemmli [44] !*C-Meth- 
ylated proteins (Amersham International, Amersham, Bucks, 
U.K.) were used as molecular-size markers. Relative amounts of 
radioactivity were estimated by using a Phospholmager (Fuji) 
and associated image-analysis software. 


Purification of proteins 


His,-CsaA and hexa-histidine-tagged SecB (His,-SecB) were 
prepared from IPTG-induced E. coli TGI(pREP4, pQE9csaA) 
and TG1(pREP4, pQE9secB) cultures as abundant proteins and 
punfied by Ni**-nitrilotriacetate (Ni-NTA) agarose affinity 
chromatography. Purification was carried out under native 


conditions following standard protocols (Qiagen, Hilden, Ger- 
many). Cell lysates prepared in 50 mM NaP, (inorganic phos- 
phate, NaH,PO,). pH 8.0, and 300 mM NaCl, were supple- 
mented with 10 mM imidazole and applied on to the Ni-NTA 
column. The column was washed three times with several column 
volumes of NaP, buffer containing 20 mM imidazole. His-tagged 
proteins were eluted with NaP, buffer containing 500 mM 
imidazole. 

CsaA from B. subtilis was purified immunologically. Affinity- 
purified rabbit antibodies against CsaA were covalently linked to 
CNBr-activated Sepharose. Exponentially grown B. subtilis 
DB104 cells were harvested and extracts were prepared from 
lysozyme-treated cells via sonication. Cleared cell extracts were 
loaded on to the anti-CsaA~Sepharose column at room tem- 
perature. Anti-CsaA-Sepharose was washed with 30 ml of phos- 
phate buffer (50 mM, pH 7.0) containing 0.5 M NaCl until no 
detectable protein was eluted from the column. CsaA was eluted 
with 0.1 M acetic acid. pH 3.0, and subsequently lyophilized. To 
obtain SecA-free CsaA B. subtilis cell extracts were purified by 
preparative isoelectric focusing in Sephadex gel with a pH 
gradient from pH 4.0 to 9.0 for 18 h. After focusing, the Sephadex 
gel was cleaved to fractions and CsaA-containing fractions (as 
determined immunologically) were analysed by thin-layer poly- 
acrylamide gel isoelectric focusing with an ampholyte solution 
(pH 3.5-10.0) and SDS/PAGE. The CsaA was precipitated with 
ammonium sulphate to a final concentration of 80", saturation. 
The precipitated protein was dissolved, dialysed against H,O and 
lyophilized. 


Western blotting 


Proteins isolated from exponentially growing cultures were 
assayed by Western blotting [45]. Cell lysates were prepared by 
boiling (5 min) in sample buffer and subjecting to SDS/PAGE 
[44]. Separated proteins were transferred to a nitrocellulose 
membrane (Schleicher & Schüll), as described by Towbin et al. 
[45]. CsaA and SecA proteins were detected with specific poly- 
clonal antibodies and alkaline phosphatase-conjugated goat anti- 
rabbit antibodies (Bio-Rad) according to the manufacturer's 
instructions. Similar amounts of total cell protein were loaded on 
to each lane. 


Binding studies 


Binding of ['^IHis,-prePhoB or ['?I]SecA to CsaA was 
measured as follows: 1 wg of !"?I-labelled protein and | ye of 
CsaA were incubated at room temperature in 50d of Hepes 
buffer (50 mM, pH 7.6, additional buffer components as in- 
dicated). After 60 min, Sl of CsaA-specific antiserum pre- 
complexed with 5 mg of Protein A-Sepharose was added and the 
mixture was further incubated for 60 min with regular vortexing. 
Subsequently, the Protein A-Sepharose beads were washed five 
times with 500 wl of Hepes buffer, pH 7.6. '**]-Labelled proteins 
bound to Protein A-Sepharose beads were counted in Optima 
Gold scintillation liquid (Packard Instruments B.V., Groningen, 
The Netherlands). 


Translocation assay 


The efficiency of translocation in vitro of ['^I]proOmpA and 
l'?I]prePhoB into E. coli membrane vesicles was assayed by 
treatment with proteinase K [46]. When indicated, 1.0 ug of 
purified E. coli or B. subtilis SecA protein, 2.0 ug of E. coli SecB 
or 4 ug of purified B. subtilis GroESL or B. subtilis CsaA were 
added. Reactions were started by the addition of 1 4d of >I- 
labelled precursor protein (0.5 ug of protein). For preincubation 
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experiments, mixtures were incubated for 30 min at 37 ?C without 
membrane vesicles prior to the translocation reactions. After 
30 min of translocation at 37 ^C samples were chilled on ice, 
treated with proteinase K (0.5 mg/ml) for 15 min, precipitated 
with 7.5% trichloroacetic acid, washed with acetone, dissolved 
in SDS/PAGE sample buffer, and analysed by SDS/PAGE 
(10°, gel) and autoradiography. 


RESULTS 


Repression of CsaA expression results in alteration of protein 
secretion 


In B. subtilis strain DBIO4::pMUTIN2esaA', csaAd is localized 
downstream of the P... promoter, allowing the IPTG-inducible 


spar 


expression of the CsaA protein. Cells grown in the absence of 


IPTG were normally viable but Western-blotting analysis showed 
that they contained a dramatically reduced cellular level of Csa A. 
Induction of the P... promoter resulted in a production level of 
CsaA that was about 2-fold higher than in the wild type (Figure 
1 A). To study the function of Csa A in protein secretion, the pat- 
tern of proteins secreted by B. subtilis DB104:: pMUTIN2csad’ 
grown in the absence or presence of IPTG was determined. 
While the pattern of secreted proteins of the strain grown in 
presence of IPTG was indistinguishable from that of the wild 
type, repression of cya@A expression resulted in a decrease in 
at least two proteins with apparent molecular masses of 19 
and 36 kDa (Figure 1B). In particular, the 36-kDa protein 


l- CsaA 








Lane 1 2 3 
IPTG - : + 
Time 2 5 2 5 


+A 


Figure 1 Repression of csaA in B. subtilis affects protein export 


(A) B. subtilis strain DB104 (lane 1) and strain DB104:: pMUTIN2csaA'" (lanes 2 and 3) were 
grown in TY medium in the absence (lanes 1 and 2) or presence (lane 31 of 1 mM IPTG Cell 


extracts were analysed by SDS/PAGE and Western blotting using CsaA-specific antibodies. (B! 
Protein secretion of &. subtilis DB104:: pMUTIN2 esa’ was analysed by pulse labelling of celis 
grown in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of IPTG. Secreted proteins 
were collected by filtration and analysed by SDS/PAGE and autoradiography. 
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Figure 2 £. coli SecA interacts with His,-CsaA and His,-SecB 


E col strains TG1(pREP4, pQE9csaA) (A, B), TGT(pREP4, pOESsecB) (C) and TGT(pREPA, 
pQE9) (D) were cultivated in TY medium to exponential growth and the phage 15 promoter was 
derepressed by adding IPTG (final concentration, 2 mM) to the culture medium. After 2 h. cells 
were harvested and lysed by sonication, and the cleared cell extracts were loaded on to Ni-NTA 
columns. Aliquots of non-bound fraction (FT, lane 1), wash (W1--W3, lanes 2-4) and elution 
fractions (E1—E8, ianes 5—12) were analysed by SDS/PAGE and Western biotting using 
antibodies directed against CsaA (A) and £ col SecA (B-D). The asterisk indicates the position 
of dimeric CsaA. 


seemed completely absent in the supernatant of CsaA-depleted 
cells. Both protein bands were isolated from Coomassie Brilliant 
Blue-strained SDS/PAGE, and N-terminally sequenced. While 
the N-terminus of the 36-kDa protein appeared blocked, the 
N-terminus of the  19-kDa protein corresponded to 
KENHTFSGED. This amino acid sequence matched the amino 
acid residues 33—42 of the precursor of YvaY, a protein with 
unknown function and a calculated molecular mass of 18.8 kDa. 


E. coli SecA co-purifies with His,-CsaA and His,-SecB 


His-tagged CsaA protein was overproduced in E. coli TG] 
(pREP4, pQE9csaA) and purified by Ni- NTA-column chroma- 
tography. The imidazole-eluted protein fraction predominantly 
contained the 13-kDa CsaA protein, and a protein with an 
apparent molecular mass of about 30 kDa that stained with 
antibodies directed against CsaA (Figure 2A). The latter 
probably represents some dimeric CsaA. Immunodetection with 
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Figure 3 B. subtilis SecA co-purifies with CsaA 


A cell lysate of B. subtilis DB104 was loaded on to an anti-CsaA—Sepharose column, washed 
with NaC! buffer (0.5 M) and the immunologically bound CsaA was eluted with 0.1 M acetic 
acid, The eluate was analysed by SDS/PAGE and Coomassie Brilliant Blue staining (lane 1) or 
Western blotting using polyclonal antibodies (pAb) directed against the B. subtilis SecA (lane 
2) of CsaA (lane 4). The asterisk indicates the localization of dimeric CsaA. As a control, a lysate 
of B. subtilis DB104:: pMUTIN26saA' grown in the absence of IPTG was loaded on to the anti 
CsaA-Sepharose column, and the fraction eluted with 0.1 M acetic acid was stained 
immunologically with antibodies directed against the 8. subtilis SecA (lane 3). 


SecA antibodies revealed that SecA co-eluted with CsaA from 
the column (Figure 2B). To exclude the possibility that SecA 
non-specifically binds to the Ni-NTA resin, a lysate of E. coli 
TGI(pREP4A) cells that do not express the His-tagged CsaA was 
loaded on to an Ni-NTA column (Figure 2D). Under those 
conditions, no SecA was retained by the column, suggesting an 
interaction between CsaA and SecA. Since SecA is known to 
interact with SecB in £. coli [6,7,47], His,-SecB was purified from 
E. coli TGI(pREP4A.pQE9secB) under conditions used for puri- 
fication of His,-CsaA. SecA was found to co-elute with His,- 
SecB (Figure 2C). These results indicate that SecA was retained 
in the Ni-NTA column via specific binding to His-tagged CsaA 
or SecB. 


B. subtilis SecA interacts with CsaA 


To establish whether the interaction of CsaA with SecA can be 
observed in B. subtilis, CsaA was purified from B. subtilis DB104. 
Cell extracts were loaded on to an anti-CsaA—Sepharose column, 
washed and eluted as described in the Experimental section. The 
eluate was analysed by SDS/PAGE and Coomassie Brilliant 
Blue staining (Figure 3, lane 1). In addition to CsaA, a protein 
co-eluted with an apparent molecular mass of about 90 kDa. The 
latter could be immunostained with an antibody directed against 
the B. subtilis SecA (Figure 3, lane 2), suggesting that the B. 
subtilis SecA associates with CsaA. As a control, a lysate 
of B. subtilis DBI04:: pMUTING2csaA' grown in the absence of 
IPTG was used. Under those conditions, CsaA was not expressed 
(Figure 1A, lane 2) and no SecA was found to bind to the anti- 
CsaA-Sepharose column (Figure 3, lane 3). 

Since the data in vivo suggest a specific interaction between 
SecA and CsaA, the interaction was examined further using 
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Table 2 Co-immunoprecupitation of CsaA with E. coli and B. subtilis SecA 


Purified CsaA and ['^"I1SecA proteins trom E colf or B. subtilis were mixed in 50 mM Hepes, 
pH 7.6, supplemented with 60 mM urea and 1.25% octylglucoside. After 60 min of incubation 
at room temperature, CsaA- or E colí ot B. subtilis SecA-specific antibodies pre-complexed with 
Protein A~Sepharose were added and the incubation was continued for another 60 min. 
immunoprecipitates were collected by centrifugation and the amount of bound SecA was 
quantified by liquid scintillation counting. Amounts of radiolabelled SecA (means + S.D. from 
two independent experiments) are shown in c.p.m. pAb, polyclonal antibody. 





Bound ['° SecA (c.p.m.) 





CsaÀ = CsaA pAb SecA pAb E coli B. subtilis 
+ + — 3140 + 10 470 4- 106 
+ -— ~= 948 -- 470 100 +6 
— + ~- 1198-475 176 + 32 
— — — 889 -- 3 13945 
~ — 4 9724 + 100 2170 415 





Table 3 Co-immunoprecupitation of CsaA with B. subtilis prePhoB 


Puritied CsaA and ("P ]His,-prePhoB were mixed in 50 mM Hepes, pH 7.6, supplemented with 
60 mM urea and 1.25% octylglucoside. After a 60-min incubation at room temperature, CsaA- 
or prePhoB-specific antibodies pre-complexed with Protein A-Sepharose were added and the 
incubation was continued for another 60 min. immunoprecipitates were collected by 
centrifugation and the amount of bound prePhoB was quantified by liquid scintillation counting. 
pAb, polyclonal antibody. 








CsaA CsaA pAb PhoB pAb Bound ['^l]PhoB (c.p.m.) 
+ -+ — 1199 
+ - 5 75 
x + “te 292 
as - 329 
» - n 4291 





purified proteins. CsaA was co-incubated with '*°I-labelled E. 
coli and B. subtilis SecA. Complex formation was analysed by 
immunoprecipitation of CsaA. To differentiate between CsaA- 
mediated and non-specific binding of SecA to Protein A- 
Sepharose, CsaA and/or antiserum against CsaA were excluded 
from the reaction mixture. In the presence of CsaA, both the 
E. coli and B. subtilis SecA proteins could be immunopre- 
cipitated by the CsaA antibodies (Table 2). Background levels of 
immunoprecipitation were observed when either CsaA (Table 2) 
or the CsaA antibodies were excluded from the reaction 
mixture. These results suggest that SecA and CsaA are interacting 
proteins, 


CsaA binds the preprotein prePhoB and stimulates its 
translocation in vitro 


CsaA interacts with unfolded proteins [26]. To determine if CsaA 
also interacts with unfolded preproteins, urea-denatured B. 
subtilis preprotein ['^I]His,-prePhoB at | mg/ml was diluted 
100-fold into a buffer containing 10 ng/ml CsaA protein. Com- 
plex formation was assessed by immunoprecipitation with à 
CsaA antibody. A substantial amount of the His,-prePhoB could 
be co-immunoprecipitated with CsaA (Table 3), whereas only 
low levels of prePhoB were immunoprecipitated when either the 
CsaA (Table 3) or the CsaA antibodies were excluded from 
the reaction mixture. 

His,-prePhoB was used previously to demonstrate preprotein 
translocation into Æ. coli membrane vesicles derived from a 





Lane 1 2 3 4 5 6 
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Figure 4 Effect of CsaA on the SecA-mediated translocation of prePhoB 
into membrane vesicles of E. coli containing B. subtilis SecYEG 


Translocation of ['* Hise prePhoB in membrane vesicles was carried out in the absence (lane 
1) and presence (lanes 2—6) of exogenous SecA, and the presence of GroELS complex (1 yea. 
lane 3) or CsaA (0.5 yg, lane 4; 2 jg, lane 5; 5 ug, lane 6). After translocation, samples were 
treated with proteinase K and analysed by SDS/PAGE and autoradiography. p. precursor; m, 
mature protein. 


strain that overexpresses the SecY EG complex of B. subtilis [38]. 
The ATP-dependent translocation of urea-denatured ['**I]His,- 
prePhoB by ŒE. coli membrane vesicles bearing SecY EG and 
SecA from B. subtilis was examined using the proteinase digestion 
assay. While in the absence of SecA (Figure 4, lane 1) or ATP 
(results not shown) hardly any translocation of ['^lI]His,- 
prePhoB occurred, efficient translocation was observed when the 
membrane vesicles were supplemented with purified B. subtilis 
SecA (Figure 4, lane 2). Addition of B. subtilis GroESL complex 
or increasing amounts of CsaA (Figure 4, lanes 4-6) further 
stimulated the translocation of [?I]His,-prePhoB. To establish 
if the stimulatory effect of CsaA is related to maintenance of the 
translocation competence of ['^I]His,-prePhoB, experiments 
were performed in which ['?I]His,-prePhoB was diluted 50-fold 
into buffer in the absence and presence of CsaA, followed by a 
30-min precubation at 37 °C. However, under these conditions 
prePhoB hardly exhibited a loss in translocation competence 
(results not shown), suggesting that CsaA may stimulate trans- 
location by another mechanism. 


CsaA interferes with SecB for translocation of proOmpA into E. 
coli membrane vesicles 


Since CsaA interacts with preproteins and with SecA, an activitv 
reminiscent of SecB, we determined if CsaA is able to substitute 
for SecB in the translocation of ['"?I]proOmpA into E. coli 
membrane vesicles that contain elevated levels of E. co/i SecY EG 
complex. Urea-denatured ['I]proOmpA was preincubated in 
buffer for 30 min in the absence or presence of SecB or CsaA. In 
the absence of SecB, the translocation activity of the preincubated 
[5 I]proOmpA was largely abolished (Figure 5A, compare lanes 
2 and 3). Preincubation of proOmpA with CsaA did not maintain 
the translocation competence of proOmpA (Figure 5A, lanes 


proOmpA was determined (Figure 5B). The amount of trans- 
located ['"^I]proOmpA decreased with the concentration of Csa A 
present in the pre-incubation mixture (Figure 5B). When 
CsaA was added at the end of the SecB-proOmpA pre-incubation 
period, the inhibitory effect of CsaA on the translocation of 
['^I]proOmpA was still evident (Figure 5C). The data indicate 
that CsaA interferes with the ability of SecB to promote 
proOmpA translocation. 
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Figure5 Translocation of proOmpA by E. coli membrane vesicles containing 
overproduced E. coli SecYEG 


Translocation of [""I]proOmpA into membrane vesicles was pertormed as described in the 
Experimental section, (A) proQmpA was pre-incubated for 30 min at 37 °C in the absence (lane 
1), or presence of SecA (1 ug; fane 2) and SecB (1 ug; lane 3) or CsaA (0.1 ug, lane 4; 
0.5 ug, lane 5; 1 ag, lane 6; 5 ug, lane 7). (B) proOmpA was pre-incubated for 30 min at 
37 °C in the presence of SecA and SecB (1 wg each) and CsaA (0.1 ug, lane 1; 0.5 jig, lane 
2: 1 ug, jane 3; 5 jg, lane 4). (C) as (B) except that CsaA was added at the end of the pre- 
incubation period. Translocation was assayed after the pre-incubation period by the addition of 
membrane vesicles, and was performed as described in the Experimental section. p. precursor; 
m, mature protein. 


DISCUSSION 


The cytosolic B. subtilis protein CsaA has been identified as a 
suppressor of E. coli secA mutations [26]. CsaA has chaperone- 
like activities both in vivo and in vitro [26]. We have now studied 
the role of CsaA in protein translocation in B. subtilis using an 
in vitro translocation system [35,38]. The data indicate that CsaA 
is able to interact with the &. subtilis preprotein prePhoB and the 
translocation ATPase SecA, and that this interaction results in a 
stimulation of prePhoB translocation. Moreover, repression of 
the csaA gene in B. subtilis results in a reduction of the secretion 
efficiency of at least two proteins. Such interactions are remi- 
niscent of the secretion-dedicated function of the molecular 
chaperone SecB in Æ. coli [15]. Since B. subtilis lacks a protein 
homologous to SecB [22], CsaA may fulfil a similar function for 
a specific subset of preproteins to the E. coli SecB. 

As a heterologous component, CsaA suppresses export and 
chaperone defects in E. coli [26.27]. To study the function of 
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CsaA in protein export in B. subtilis, protein export was analysed 
in response to csaA suppression. Earlier extensive gene-disruption 
experiments failed [27], suggesting that csaA is an essential gene 
of B. subtilis. Therefore, csaA was placed under transcriptional 
control of the P,,. promoter using the integrative plasmid 
pMUTIN? [40]. Despite the fact that CsaA could not be detected 
in the absence of IPTG (Figure 1A), no alteration of growth was 
observed for B. subtilis DB104:: pMUTIN2cesaA' when grown in 
complex or defined medium. The possibility that minimal ex- 
pression of CsaA, beyond the detection limit, suffices to sustain 
growth of this strain in the absence of IPTG cannot be excluded. 
Whereas in the presence of IPTG, protein secretion was essen- 
tially similar to the parental strain, repression of csaA resulted 
in a reduced export of at least two proteins at the end of 
the exponential growth phase. 

An interaction between CsaA and Æ. coli or B. subtilis SecA 
could be demonstrated by various techniques. E. coli SecA co- 
purifies with His,-tagged CsaA on an Ni-NTA affinity resin, while 
the B. subtilis SecA was found to specifically co-purify with CsaA 
by means of an immuno-purification technique. Likewise, E. coli 
SecA co-purifies with His,-SecB using the Ni-NTA-affinity 
column-chromatography technique. Since the latter interaction 
has been established previously [6] it suggests that the 
CsaA-SecA complex is also stable. No other proteins were co- 
purified in detectable amounts. The markedly lower retention of 
SecA in the presence of His,-CsaA compared with the retention 
by His,-SecB might have been due to the heterologous character 
of Csa A when expressed in Æ. coli. The interaction between CsaA 
and SecA could be demonstrated further in vitro by à co- 
immunoprecipitation of '?I.labelled purified proteins. In F. 
coli, SecB binds to a well-conserved C-terminal region of SecA 
[7]. When fused to glutathione S-transferase, the 20 C-terminal 
amino acids of E. coli SecA represent an authentic SecB-binding 
domain. This glutathione S-transferase-fusion protein, however, 
does not interact with CsaA (J. P. Müller, J. Swaving, K. H. M. 
van Wely and A. J. M. Driessen, unpublished work), indicating 
that other domains of SecA are involved in this binding reaction. 
Interaction of CsaA with unfolded preproteins could be demon- 
strated by co-immunoprecipitation of His,-prePhoB via CsaA. 
Similar experiments with radiolabelled proOmpA suggest that 
CsaA also interacts with this precursor (J. P. Müller, J. Swaving. 
K. H. M. van Wely and A. J. M. Driessen, unpublished work). 
Interaction of CsaA with these unfolded precursors is not 
unexpected since CsaA can also interact with other unfolded 
proteins [26]. 

The exact mechanism of suppression of impaired activity of 
the temperature-sensitive SecA proteins has not yet been es- 
tablished. CsaA may act by improving the translocation-com- 
petence of exported preproteins, thereby making them better 
substrates for the malfunctioning SecA proteins, or it may act 
directly on the activity of SecA [25]. Our current data suggest 
that it may stimulate translocation by improving the targeting to 
SecA as it binds SecA specifically. 

In E. coli, chaperones are needed to support translocation of 
preproteins in vitro. SecB is required for a subset of preproteins 
[14,48]. while other chaperones such as GroES/GroEL or 
DnaK/DnaJ/GrpE support translocation under certain con- 
ditions only [49]. In B. subtilis, no chaperones have thus far been 
found that stimulate preprotein translocation, although this 
function may be fulfilled by SRP, which has been shown to 
interact with SecA, thereby promoting the formation of soluble 
SecA-preprotein complexes [24]. Here we have shown that CsaA 
stimulates the translocation in vitro of prePhoB into membrane 
vesicles by about 2—3-fold. It is important to note that prePhoB 
only slowly loses its translocation competence when diluted from 


urea, suggesting that the stimulation is due to targeting. More 
striking is the observation that CsaA competes with SecB for 
proOmpA translocation. When proOmpA is preincubated with a 
mixture of SecB and CsaA, SecB is no longer able to stimulate 
the translocation of proOmpA. In this context, it is important to 
note that CsaA itself does not stimulate the translocation of 
proOmpA, noris it ableto maintain the translocation competence 
of proOmpA. Since the inhibitory effect of CsaA is less pro- 
nounced when proOmpA is first pre-incubated with SecB, it 
seems that competition is mainly at the level of binding of the 
precursor, thus preventing SecB to target proOmpA to the 
translocation sites while maintaining its translocation compe- 
tence. Elucidation of the mechanism of inhibition may provide 
further insight into the function of CsaA. 

Taken together, the results in vivo and in vitro indicate that 
CsaA is able to bind to both B. subtilis preproteins and the SecA 
translocation ATPase, suggesting an export-related function of 
CsaA in B. subtilis. Depletion of CsaA in B. subtilis gives rise to 
an export defect of a set of proteins. Analysis of the translocation 
of these proteins in B. subtilis will further define the function of 
CsaA in protein secretion. 
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We report here that the high-temperature sensitivity of a dnaA46 
mutant was suppressed by addition of high concentrations of 
NaCl into the culture medium. This suppression was also 
observed with other high-temperature-sensitive dnad mutants, 
except dnaÁA167 and dnaA508 mutants, which have mutations in 
the N-terminal region of DnaA protein. Since high concentrations 
of NaCl in the medium increased negative DNA supercoiling in 
a dnaA46 mutant, we hypothesized that the increase in DNA 
supercoiling is involved in the suppression of the temperature- 
sensitivity of the dnaA46 mutant by high concentrations of NaCl. 


This hypothesis was supported by in vitro and in vivo results as 
follows. A low DNA replication activity of purified DnaA46 
protein at high temperatures was increased in line with an 
increase in DNA supercoiling of template DNA. The dnaA46 
mutant showed higher sensitivity to nalidixic acid, a DNA- 
relaxing drug, than did the wild-type cells under the conditions 
of high temperatures and high concentrations of NaCl 


Key words: DNA replication, DnaA protein, Escherichia colt, 
linking number, nalidixic acid. 





INTRODUCTION 


Initiation of chromosomal DNA replication is regulated by 
various mechanisms, including the control of the activity of in- 
itiator proteins. In Escherichia coli, control of the activity of 
DnaA protein (the initiator of chromosomal DNA replication) 
by its adenine-nucleotide binding seems to play an important 
role in the regulation of the initiation of DNA replication [1]. 
DnaA protein has high affinities for ATP and ADP, and the 
ATP-binding form is the active form for DNA replication [2]. 
Recent genetic and biochemical studies strongly suggest that 
adenine-nucleotide binding to DnaA protein regulates the in- 
itiation of chromosomal DNA replication in E. coli cells [3-10]. 
However, some other mechanisms should be investigated in 
order to understand completely the regulation of DNA rep- 
lication. To identify such a novel mechanism, one approach 
would be to identify conditions under which temperature- 
sensitivity of a dnaA mutant is suppressed. 

In cells, chromosomal DNA 1s negatively supercoiled. The 
extent of DNA supercoiling is altered according to changes in 
intracellular or extracellular conditions, resulting in changes 
in various DNA transactions, such as transcription and recom- 
bination [11—13]. Recent genetic and biochemical studies strongly 
suggest that changes in DNA supercoiling affect the initiation of 
DNA replication ın cells, as follows. In vitro, the DNA replication 
reaction requires the negative supercoiling of template DNA 
[14]. In vivo, various environmental stresses, which decreased 
DNA supercoiling, inhibited DNA replication [15]. We suggested 
a close relationship between DnaA protein and DNA super- 
coiling, as follows. Some dnaA mutants show much higher DNA 
supercoiling than do the wild-type cells [16]. DnaA protein itself 
has an ability to change DNA supercoiling in vitro [17]. 

DnaA protein specifically binds to the origin of DNA rep- 
lication and forms oligomers [1]. ATP binding to DnaA protein 
is required for the oligomerization [2,6]. The torsional stress on 
DNA caused by this oligomerization is thought to open up the 
duplex DNA at oriC (the ongin of chromosomal DNA rep- 


Abbreviation used LB, Luria broth 


lication) to initiate DNA replication. An increase in negative 
DNA supercoiling also put a torsional stress on DNA, which 
may open up duplex DNA. Thus we considered that excess- 
ive DNA supercoiling assists DnaA protein to open up the duplex 
DNA at the origin. In other words, inhibition of initiation 
of DNA replication caused by a low duplex-opening activity of 
DnaA proteins (such as in some high-temperature-sensitive dnaA 
mutants at high temperatures) may be suppressed by an increase 
in DNA supercoiling of chromosomal DNA. In the present 
study we showed that addition of high concentrations of NaCl in 
the medium caused suppression of the high-temperature-sen- 
sitivity of a dnaA46 mutant and excessive DNA supercoiling in 
cells. Our genetic and biochemical results suggest that excessive 
DNA supercoiling by high concentrations of NaCl causes this 
suppression in cells. 


MATERIALS AND METHODS 
Materials 


A crude extract for an oriC complementation assay was prepared 
from the WM433 strain of E. coli as previously described [18]. 
The wild-type DnaA and DnaA46 proteins were purified as 
described [19]. KS1001 (W3110 dnaA* tmaA::Tnl0 lac"), 
KS1002 (W3110 dnaA5), KS1003 (W3110 dnaA46), KS1004 
(W3110 dnaA167), KS1006(W3110 dnaA205), KS1007 (W3110 
dnaA508), KS1008 (W3110 dnaA4601), and KS1009 
(W3110 dnaA604) were from our laboratory stocks [20—22]. 

Luria-broth (LB) medium [1% tryptone and 0.5% yeast 
extract (both from Difco)] was used for all experiments. In the 
present paper, the concentration of salt stated is the total 
concentration, not that added. 


oriC DNA repHication in a crude extract 


Replication of minichromosomes in a crude extract (Fraction JI) 
was assayed as described in [18] with some modifications. 


1 To whom correspondence should be addressed (e-mail mizushina@pheasant pharm.okayama-u.ac jp). 
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Template DNA (pTB101) [23] (600 pmol as nucleotides), 240 ug 
of Fraction II from WM433 (dnaA204) and DnaA protein were 
mixed with reaction cocktails [18] and incubated for replication 
at 40 *C for 10 min. The reaction was terminated by chilling on 
ice and adding 10°, trichloroacetic acid. Samples were passed 
through Whatman GF/C glass-fibre filters. The amount of 
radioactivity on the filters was measured in a liquid-scintillation 
counter, and the amount of DNA synthesized (pmol of nucleo- 
tides) was calculated [18]. 


Analysis of supercoiling of plasmid DNA in cells 


Supercoiling of plasmid DNA in cells was measured by an 
agarose-gel-electrophoresis method [24,25]. Briefly, E. coli cells 
harbooring the plasmid pBR322 were harvested by centrifugation 
at 4 °C for 5 min, followed by washing with 0.9 %4 NaCl. Plasmid 
DNA was extracted and purified by the alkaline method. The 
samples were analysed by 1 ?5-agarose-gel electrophoresis in the 
presence of chloroquine. Electrophoresis was carried out in TBE 
buffer [0.089 M Tris/borate (pH8.0)/2 mM EDTA] at 60 V for 
16 h. Gels were rinsed in deionized water for 5h to remove 
chloroquine, and DNA was stained with | ug/ml ethidium 
bromide. DNA bands were revealed under a UV illuminator, 
and photographs were taken with a Polaroid apparatus. 


RESULTS AND DISCUSSION 
Suppression of a high-temperature-sensitivity of a dnaA46 mutant 


In order to test the hypothesis that excessive DNA supercoiling 
suppresses a low activity of DnaA protein for the duplex DNA 
opening, we used a temperature-sensitive draA46 mutant and a 
culture medium containing high concentrations of NaCl. Dna- 
A46 protein has mutations in the ATP-binding site, and ATP 
binding to DnaA protein is essential for the duplex opening at 
the origin [1,2,6]. High concentrations of NaCl in the medium 
were shown to induce excessive DNA supercoiling in wild- 
type cells [26]. The colony-formation abilities of the wild-type 
(KS1001) and the dnaA46 (KS1003) strains were examined at 30 
or 40 °C in the presence of various concentrations of NaCl. As 


wild-type at 30°C 
dnaA 48 at 30°C 
dnaA 508 at 30°C 
wild-type at 40°C 
dnaA46 at 40°C 
dnaA 508 at 40°C 





Colony formation ability (cells/ml) 


Q 0.2 0.4 0.6 0.8 
NaCl (M) 


Figure 1 Suppression of the temperature-sensitivity of the dn3A46 mutant 
by high concentrations of NaCl 


KS1001 (dna4') KS1003 (gma4, and KS1008 (OnaA508) strains were grown to the 
Stationary phase at 30°C in LB medium without NaCl. The suspension was diluted with 
the same medium and spread on LB agar plates containing the indicated concentrations of 
NaCi and incubated at 30 or 40 °C for 24h. The number of viable cells per mi of original 
culture suspension was calculated and is shown as the colony-formation ability (101 = 10' 
etc.) 


© 2000 Biochemical Society 


Ratio of colony formation ability 
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Figure 2 Effect of high concentrations of NaCi on the temperature- 
sensitivities of various dnaA mutants 


The colony-formation ability of each dmaA mutant was examined on LB agar plates with or 
without 0.51 M NaG! at 40 °C as described in the legend to Figure 1. The ratio of the colony- 
formation ability (with 051-0 M Nach is shown as the relative colony-formation ability 
110—4 = 107* etc), Mutants were arranged in order of their mutation positions (left, 
N-terminal; night, C-terminal) 


shown in Figure |, the colony-formation ability of the dnaA46 
mutant at 40 "C was increased depending on the concentration of 
NaCl in the medium. In the presence of 0.68 M NaCl, the 
colony-formation ability was almost indistinguishable between 
the dnaA46 and the wild-type strains. The colony-formation 
abilities of the danA46 mutant at 30 °C and of the wild-type cells 
both at 30 ^C and 40 ^C were not affected by the presence of 
NaCl in the medium (Figure 1). Suppression was also observed 
at 39°C and 41°C in the dnaÁA46 mutant (results not shown). 
These results indicate that the temperature-sensitivity of the 
dnaA46 mutant is suppressed by high concentrations of NaCl, 

We next asked whether the suppression of the temperature- 
sensitivity of the dnaA46 mutant is specific for NaCl. The change 
in DNA supercoiling by high concentrations of NaCl is due to 
the alteration in osmotic pressure in the medium, because the 
alteration in osmotic pressure by other reagents (such as glucose) 
also caused a change in DNA supercoiling in cells [26]. We 
examined the effect of KCl, ammonium sulphate and glucose on 
the colony-formation ability of the dnaA46 mutant at 40 °C and 
found that thev all could suppress the temperature-sensitivity of 
the dnaA46 mutant to much the same extent as NaCl (results not 
shown). These results suggest that a change in osmotic pressure 
in the medium suppresses the temperature-sensitivity of the 
dnaA46 mutant by these chemicals and thus that the suppression 
is due to the increase in DNA supercoiling in cells. 


Effect of high concentrations of NaCl on the temperature- 
sensitivity of other dnaA mutants 


A number of temperature-sensitive dad mutants have been 
isolated and the mutations have been identified [1]. In order to 
examine the allele specificity of the suppression of temperature- 
sensitivity of drad mutants by high concentrations of NaCl, we 
investigated the effect of high concentrations of NaCl on the 
temperature-sensitivities of various dnaA mutants (Figure 2). 
Temperature-sensitivities of mutants with mutations in the ATP- 
binding site (dnaAS, draA607 and dnaA604) were suppressed by 





wild-type dnaA46 dnaA508 
NaCI (M) ~9HS S58 F358 
CTCOO00 oooocooooo 





Figure 3 DNA supercoiling by high concentrations of NaCl in cells 


K51001 (anaA"), KS1003 (dnaA46), and KS1008 (dnaA508) strains harbouring the pBR322 
plasmid were grown at 40 °C in LB medium containing the indicated concentrations of NaCI 
until the A... reached 1.0. Cells were collected by centrifugation and plasmid DNA was extracted 
and analysed by agarose-ge! electrophoresis in the presence of 3 ug/ml chloroquine as 
described in the Materials and methods section. 


0.51] M NaCl as much as was the dnaA46 mutant, which also has 
mutations in this region. The temperature-sensitivity of the 
dnaA205 mutant, which has a mutation in the DNA-binding 
domain (C-terminal region), was partly suppressed. In contrast, 
the dnaA508 and dnaA167 mutants, which have mutations in the 
N-terminal region of DnaA protein, showed the opposite results. 
The colony-formation abilities of these mutants were decreased 
in the presence 0.51 M NaCl (Figure 2). The decrease in the 
colony-formation ability of the dnaAS08 mutant is dependent 
on the concentration. of NaCl and was not observed at 
30 °C (Figure 1). These results clearly show the allele specificity 
of dnaA mutants for the suppression by high concentrations of 
NaCl. High concentrations of NaCl may affect the function 
of DnaA protein, which is related to the ATP-binding activity of 
this protein (such as the duplex DNA opening). 


Effect of high concentrations of NaC! on DNA supercoiling in the 
dnaA46 and dnaA508 mutants 


As mentioned above, we consider that excessive DNA super- 
coiling suppresses the temperature-sensitivities of dna.4 mutants 
by high concentrations of NaCl. Thus we tried to confirm that 
the extent of DNA supercoiling is increased by high concen- 
trations of NaCl in the dnaA46 mutant at high temperatures. To 
determine why NaCl did not suppress the temperature-sensitivity 
of the dnaA508 mutant, we also examined DNA supercoiling in 
this mutant. The wild-type, dnaA46 and dnaAS08 cells harbouring 
pBR322 (a reporter plasmid for DNA supercoiling in cells) were 
incubated with various concentrations of NaCl at 40 °C for 4 h. 
The extent of DNA supercoiling of plasmids prepared from these 
cells was analysed by agarose-gel electrophoresis in the presence 
of 3 «g/ml chloroquine. Under these conditions, more negatively 
supercoiled DNA migrates more rapidly [27]. To an extent 
depending on the concentration of NaCl, DNA in the dnaA46 
mutant became more negatively supercoiled, as is the case in the 
wild-type cells (Figure 3). The extent of change in DNA 
supercoiling in the wild-type cells was consistent with a previous 
paper [26]. Even in the dna4508 mutant, NaCl increased DNA 
supercoiling in a dose-dependent manner (Figure 3), suggesting 
that the inability of NaCl to suppress the temperature-sensitivity 
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Figure 4 Effect of excessive DNA supercoiling of template DNA on the 
replication activity of DnaA46 protein in vitro 


pTB101, a plasmid with orC, was constructed as described in [23]. Plasmids with various 
extents of DNA supercoiling were prepared as described in [33]. The linking number of each 
plasmid was determined on the basis of the resuits of agarose-gel electrophoresis with various 
concentrations of chloroquine (one of them is shown as Figure 4A, 1.5 g/m). A Linking 
number shows the difference in the linking number of each plasmid in comparison with that 
of the normal plasmid (plasmid extracted from cells, without topoisomerase | treatment). The 
plasmids of + values of Alinking number are more relaxed and those of — values are more 
negatively supercoiled compared with the normal plasmid. All plasmids are negatively 
supercoiled in the absence of chioroquine. DNA replication with each plasmid as a template was 
done in the presence of 100 ng of DnaA46 as described in the Materials and methods section. 


of dnaA508 is not due to its inability to increase DNA super- 
coiling. DNA in dnaA46 and dnaASO8 mutants in the absence of 
NaCl was more negatively supercoiled than in the wild-type cells, 
which is consistent with our previous results [16]. The results in 
Figures | and 2 were reproduced with dnaA mutants harbouring 
pBR322 (results not shown). 


Effect of excessive DNA supercoiling of template DNA on the 
replication activity of DnaA46 in vitro 


We next tested our hypothesis using an in vitro DNA replication 
system. Since high-temperature-dependent inhibition of DNA 
replication with DnaA46 was reproduced in an in vitro oriC 
complementation assay using a crude extract, but not in a 
system reconstituted from purified proteins [3], we used a system 
consisting of a crude extract. A problem with this system is that 
the extent of DNA supercoiling changed upon incubation at high 
temperatures even without dNTP (without DNA replication 
reaction), which is due to the presence of DNA topoisomerases 
(results not shown). We solved this problem by shortening the 
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Figure 6 A phenotype of the dria446 matant sensitive to nalldixle acid. 


The colony-formation abilities at 40 °C of the dnaA46 and the wild-type strains on LB agar 
plates with 051 M NaCi and the indicated concentrations of nalidbac acid were examined as 
descnbed in the legend to Figure 1 


reaction period of DNA replication. Under the conditions of an 
in vitro oriC DNA replication system in a crude extract (but 
without dNTP), we found the extent of DNA supercoiling of 
plasmid DNA was maintained up to 10 min at 40 °C (results not 
shown) Thus we examined the effect of the extent of DNA 
supercoiling of template DNA on DNA replication with purified 
DnaA46 protein by incubating at 40 °C for 10 min. As shown in 
Figure KA), we prepared oriC plasmids with various extents of 
DNA supercoiling. The DNA-replication reaction rate with 
DnaA46 protein at 40 °C was higher when the more negatively 
supercoiled DNA was used as a template (Figure 4B). The DNA- 
replication activities of DnaA46 at 30°C or of the wild-type 
DnaA protein both at 30 °C and 40 °C were not affected by an 
increase in DNA supercoiling above the normal level of DNA 
supercoiling (DNA extracted from cells), whereas a decrease in 
DNA supercoiling inhibited the DNA replication reaction 
(results not shown), which is consistent with previous results [14]. 
Since the extent of change in DNA supercoiling by addition of 
0.51 M NaCl in the dnaA46 mutant cells was about —6 of the 
Alinking number (see the legend to Figure 4), the results shown 
in Figure 4 suggest that the increase in DNA supercoiling by high 
concentrations of NaCl can increase the activity of Dna46 for 
DNA replication in cells. 


A phenotype of the dnaA46 mutant sensitive to nalidixic acid 


On the basis of the notion that DNA replication in the dnaA46 
mutant, but not in the wild-type cells at 40 °C in the presence of 
high concentrations of NaCl, is maintained by excessive DNA 
supercoiling, we predicted that, under these conditions, the 
dnaA46 mutant would show a higher sensitivity to DNA relax- 
ation. We used nalidixic acid, which is known to relax DNA in 
cells [15]. Full-growth suspensions of the wild-type and the 
dnaA46 mutant were spread on LB agar plates containing 0.51 M 
NaCl and various concentrations of nalidixic acid and incubated 
at 40 °C. As shown in Figure 5, the dnaA46 mutant showed a 
phenotype that was more sensitive to nalidixic acid than the wild- 
type cells at all the concentrations tested. The dnaA46 mutant 
showed a phenotype that was more sensitive to nalidixic acid, 
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even at 30 °C, although the difference in the sensitivity between 
the wild-type and the mutant was not as apparent as it was at 
40°C (results not shown). These data suggest that excessive 
DNA supercoiling is required to maintain DNA replication in 
the dnaA46 mutant. 

In the present study we tested the hypothesis that excessive 
DNA supercoiling suppresses a low activity of DnaA protein and 
obtained supporting evidence as follows. High concentrations of 
NaCl suppressed the temperature-sensitivity of the dnaA46 
mutant (Figure 1), in which DNA supercoiling in cells increased 
(Figure 3). The low DNA-replication activity of DnaA46 protein 
was stimulated by increasing the DNA supercoiling of template 
DNA in vitro (Figure 4). The dnaA46 mutant showed a greater 
sensitivity to nalidixic acid, a DNA-relaxing drug, than did the 
wild-type cells under the conditions of high temperature and high 
concentrations of NaCl (Figure 5). It would be very noteworthy 
if E. coli cells were to change the extent of DNA supercoiling to 
maintain the proper frequency of DNA replication. Our previous 
finding, that DNA ın temperature-sensitive dnaA mutants was 
more negatively supercoiled at semi-permissive temperature than 
was the DNA in the wild-type cells [16], suggest such a mech- 
anism. 

It was reported that genetic inactivation of topoisomerase I 
suppresses the temperature-sensitivity of the dnaA46 mutant [28]. 
Since topoisomerase I relaxes DNA, mutations in the topA gene 
cause an increase in DNA supercoiling in cells [27,29]. Thus this 
previous observation supports the notion that the increase in 
DNA supercoiling by high concentrations of salts 1s involved 
in the suppression of the temperature-sensitivity of the dnaA46 
mutant. 

The suppression of temperature-sensitivity by high concen- 
trations of NaCl showed an allele specificity of dnad mutants 
(Figure 2). The temperature-sensitivities of dnaA mutants with 
mutations ın the ATP-binding site or DNA-binding sites, but not 
in the N-terminal region, were suppressed by high concentrations 
of NaCl. The function of DnaA protein can be divided into two 
categories. One is duplex opening at oriC and the other is loading 
DnaB protein into the oriC region. Excessive DNA supercoiling 
may assist the former function, but not the latter one. ATP 
binding and DNA binding are involved in the former func- 
tion. As for the N-terminal region of DnaA protein, several 
functions (oligomerization, loading of DnaB, and retention of 
DnaB) have been suggested [30-32]. DnaA508 and DnaA167 
proteins may have a defect in DnaB loading and retention, which 
may cause the inability of excessive DNA supercoiling to suppress 
the temperature-sensitivity of these mutants 
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The m3 muscarinic acetylcholine receptor is coupled to 
mitogen-activated protein kinase via protein kinase C and 
epidermal growth factor receptor kinase 


Barbara E. SLACK’ 


Boston University School of Medicine, Department of Pathology and Laboratory Medicine, 85 East Newton Street, Room M1007, Boston, MA 02118, U S.A. 


The acetylcholine analogue carbachol rapidly activated mitogen- 
activated protein kinase (MAPK), and caused tyrosine phos- 
phorylation of the adapter protein p52 Shc and the epidermal 
growth factor (EGF) receptor, in human embryonic kidney cells 
stably expressing m3 muscarinic receptors. The protein kinase C 
(PK C) inhibitor GF109203X caused a significant partial inhibi- 
tion of m3 receptor-mediated activation of MAPK. The PKC- 
independent MAPK activity elicited by carbachol in the presence 
of GF109203X was reproducibly abolished by AG1478, an in- 
hibitor of EGF-receptor tyrosine kinase activity, and by the Src 
tyrosine kinase inhibitor PP1. In a subset of these experiments, 
GF109203X concomitantly increased carbachol-induced tyrosine 
phosphorylation of p52 Shc and the EGF receptor. In co- 


stimulation experiments, carbachol and EGF activated MAPK 
in a non-additive fashion; moreover, EGF-induced association 
of Shc with the phosphorylated EGF receptor was inhibited by 
carbachol. This effect of carbachol was blocked by GF109203X. 
The results indicate that MAPK activation by m3 receptor 
stimulation is regulated by two pathways; one dependent on 
PKC, and the other mediated via the EGF receptor and Src. 
Moreover, the EGF-receptor-dependent pathway may be subject 
to negative-feedback regulation via m3 receptor-coupled ac- 
tivation of PKC. 


Key words: bisindolylmaleimide, carbachol, Shc, Src, trans- 
activation. ^ 





INTRODUCTION 


Activation of the mitogen-activated protein kinase (MAPK)/ 
extracellular signal-regulated kinase (ERK) cascade 1s an im- 
portant consequence of cell stimulation by growth factors, by 
ligands for receptors coupled to G-proteins and by extracellular 
matrix proteins that are ligands for integrins [1-3]. The MAPK. 
family members p42 MAPK (ERK 2) and p44 MAPK (ERK 1) 
are key regulators of cell proliferation, migration, differentiation, 
transformation and survival [4-8]. The canonical MAPK-ac- 
tivation pathway initiated by growth factors involves recruitment 
of the adapter protein Grb2 in association with the Ras guanine 
nucleotide-exchange protein mSos to the activated, auto- 
phosphorylated growth factor receptor, with subsequent sequen- 
tial activation of Ras, Raf, MAPK kinase (MEK 1/2) and 
MAPK [9]. 

It was recognized subsequently that G-protein-coupled 
receptors (GPCRs), including members of the muscarinic acetyl- 
choline receptor family, are functionally linked to the MAPK 
cascade via several distinct pathways. Of the five muscarinic 
receptor subtypes that have been cloned, only ml, m3 and 
m5 receptors are coupled efficiently to phosphatidylinositol 4,5- 
bisphosphate hydrolysis [10,11]. Muscarinic m1 receptors have 
been reported to activate MAPK via a pathway that involves 
pertussis toxin-insensitive G,,,,, or pertussis toxin-sensitive G, 
G-proteins, protein kinase C (PKC) and Raf, but which is 
independent of Ras [12,13]. Others describe a pathway that, 
while dependent on Raf, and independent of Ras, is only partially 
PK C-dependent [14]. Some reports have implicated fy subunits 


in Ras-dependent activation of MAPKs by ml receptors [15,16], 
whereas other investigators have found that the response to m1 
receptor stimulation is not affected by inhibitors of fy signalling 
[12]. Activation of MAPKs by m2 muscarinic receptors 1s also 
reportedly dependent on release of fy subunits from pertussis 
toxin-sensitive G-proteins, with subsequent tyrosine phos- 
phorylation of Shc, which in turn associates with Grb2-mSos, 
leading to Ras activation [17-19]. The link between G,, release 
and She phosphorylation may involve sequential activation of 
phosphatidylinositol 3-kinase y and a Src-like tyrosine kinase 
[19-21]. 

Typically, activation of MAPK by GPCRs involves tyrosine 
phosphorylation of one or more proteins that act as scaffolds, 
forming complexes with Grb2—mSos, and thereby promoting the 
activation of the Ras-MAPK cascade [22]. One such scaffolding 
protein 1s the epidermal growth factor (EGF) receptor. EGF- 
independent activation of this receptor by GPCRs, a phenom- 
enon referred to as ‘transactivation’ [21,23—28], results in the 
formation of a complex composed of the phosphorylated EGF 
receptor and the adapter proteins Shc and Grb2 [23,26,27]. The 
adapter proteins mediate the recruitment of mSos to the complex, 
thus recapitulating the sequence of events set into motion by 
direct activation. of growth factors by their ligands. Other 
evidence implicates the focal adhesion-associated protein focal 
adhesion kinase (FAK) [22], and another member of this family, 
PYK2 [29—33], as additional scaffolds for the assembly of a Ras 
activation complex, and activation of MAPK, in response to 
GPCR ligands. More information about these signalling mech- 
anisms may be found in two recent reviews [34,35]. 


Abbreviations used. DMEM, Dulbecco's modified Eagle's medium, EGF, epidermal growth factor, ERK, extracellular signal-related kinase, GPCR, G- 
protein-coupled receptor, HEK, human embryonic kidney, MAPK, mitogen-activated protein kanase, PKC, protein kinase C, PP1, 4-amino-5-(4- 
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In the present study the regulation of MAPK by muscarinic 
m3 receptors was examined in human embryonic kidney (HEK) 
cells stably expressing m3 receptors. The results indicate that the 
m3 receptor is coupled to MAPK via both PK C-dependent and 
EGF receptor-dependent pathways. 


EXPERIMENTAL 
Materials 


Antibodies and other reagents were obtained from the following 
sources. Anti-paxillin, anti-phosphotyrosine (clone PY20), 
monoclonal anti-Shc and goat peroxidase-linked anti-mouse 
IgG were from Transduction Laboratories (Lexington, KY, 
U.S.A.). Monoclonal peroxidase-linked anti-phosphotyrosine 
clone PY99 was obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA, U.S.A.). Polyclonal anti-She and anti-EGF-receptor 
antibodies were purchased from Upstate Biotechnology (Lake 
Placid, NY, U.S.A). A polyclonal antibody specific for the 
activated form of MAPK was obtained from New England Bio- 
labs (Beverly, MA, U.S.A.). Protein G agarose was purchased 
from Oncogene Science (Cambridge, MA, U.S.A.). Protein 
A-Sepharose was obtained from Pharmacia (Piscataway, NJ, 
U.S.A.). Reagents, equipment and mini-gels for electrophore- 
sis were supplied by Bio-Rad Laboratories (Hercules, CA, 
U.S.A.). Carbamylcholine chloride (carbachol), PM A and mouse 
EGF were obtained from Sigma (St. Louis, MO, U.S.A.) 
The tyrphostin AG1478, bisindolyimaleimide I (GF109203X), 
bisindolylmaleimide IX (Ro 31-8220) and the Sre inhibitor 
PPI [4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo-p-3,4- 
pyrimidine] were purchased from Alexis Biochemicals (San 
Diego, CA, U.S.A.). The indolocarbazole G66976 was obtained 
from Calbiochem (San Diego, CA, U.S.A.). Other reagents were 
obtained from Sigma or from Fisher Scientific (Pittsburgh, PA, 
U.S.A.). 


Cell culture 


HEK cells stably transfected with muscarinic m3 receptors were 
maintained in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10°, fetal bovine serum [36]. These cells were 
shown previously to express approx. 200000 m3 receptors per 
cell [11]. Cells were grown on 60- or 100-mm culture dishes 
(Falcon; Becton Dickinson Labware, Bedford, MA, U.S.A.) 
coated with poly-p-lysine for 3-4 days prior to an experiment. 
Cultures were maintained in growth medium until the day of the 
experiment. All pharmacological treatments were carried out in 
serum-free DMEM. Stock solutions of inhibitors and PMA were 
dissolved in DMSO, and diluted with culture medium prior to 
treatment of cells. 


Immunoprecipitation and determination of tyrosine-phosphorylated 
proteins 


Following incubation, test media were aspirated and cells were 
collected in | ml of lysis buffer containing 1°, Nonidet P-40, 
0.1%, SDS, 0.5°%, deoxycholate, 50 mM Tris, pH 7.5, 150 mM 
NaCl, | mM sodium orthovanadate, 25 mM NaF, 2 mM 4-(2- 
aminoethyl)benzenesulphonyl fluoride (AEBSF), | «g/ml leu- 
peptin and 2 «g/ml aprotinin. Lysates were centrifuged to remove 
insoluble material, normalized for protein content, and incubated 
overnight with immunoprecipitating antibodies, usually at con- 
centrations of 2-4 4g/500 ng of protein, and with Protein 
A-Sepharose or Protein G agarose (3.5 mg per sample). Immuno- 
precipitates were centrifuged and washed three times in a washing 
buffer containing 0.1% Triton X-100, 25 mM Tris, pH 7.5, 
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250mM NaCl and | mM sodium orthovanadate. Immuno- 
precipitates were size-fractionated by SDS/PAGE, and the 
proteins were transferred on to PVDF membranes. The 
membranes were blocked with 3%, gelatin or 594 milk in Tris- 
buffered saline containing 0.15% Tween-20. Tyrosine- 
phosphorylated proteins were immunoprecipitated with anti- 
phosphotyrosine antibodies (clone PY20). Immunoblots were 
probed with recombinant peroxidase-linked anti-phospho- 
tyrosine (PY99) antibodies, or antibodies to paxillin or She. 
Activated MAPK was detected in cell lysates by immunoblotting 
with a phosphorylation-specific antibody (New England Biolabs). 
Approximate molecular masses were estimated using calibrated 
prestained standards (Bio-Rad Laboratories). 


Statistical analysis 


Comparisons based on immunoblotung data were derived from 
samples processed on the same blot. The statistical significance 
of differences was estimated by analysis of variance followed by 
Fisher’s least-significant-difference (LSD) test. Differences were 
taken to be significant at P < 0.05. 


RESULTS 


MAPK is activated by carbachol and EGF in HEK cells expressing 
m3 receptors 


In HEK cells expressing muscarinic m3 receptors, carbachol 
caused a concentration-dependent increase in MAPK activity. 
The response was detected using an antibody specific for the ac- 
tivated, tyrosine- and threonine-phosphorviated form of the 
enzyme (Figure 1A). The activation was apparent within 2 min, 
and reached a maximum value by 5 min (Figure 1B). EGF at à 
concentration of 50 ng/ml, acting on endogenous EGF receptors, 
stimulated MAPK as effectively as carbachol (Figure 1A). 


PKC inhibitors reduce m3 receptor-mediated MAPK activation 


A number of different mechanisms regulate MAPK activation by 
GPCR ligands. The response in some cell types is dependent on 
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Figure 1 Stimulation of m3 muscarinic receptors increases MAPK activity 


(A) HEK cells stably expressing the m3 muscannic receptor were treated for 10 min with 
various concentrations of carbachol (carb), or with 300 ng/mi EGF. (B) Cells were treated 
with 100 aM carbachoi for various periods of time, Cell lysates were immunoblotted with 
polyclonal antibodies specific ior phosphorylated, activated MAPK. 
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Figure 2 PKC inhibition reduces m3 receptor-coupled MAPK activation 


(A) Celis were pretreated for 30 min with serum-free medium containing GF109203X (2.5 aM) 
or the vehicie DMSO. Celis were then incubated for 10 min in fresh medium containing 
GF109203X or DMSO with or without carbacho! (100 aM) or EGF (50 ng/ml). Phosphorylated 
MAPK was detected in cell lysates by immunoblot analysis. (B} Cells were pretreated with 
DMSO or GF109203X for 30 min, then incubated for 10 min in fresh medium containing DMSO 
of the inhibitor with or without PMA (1 uM). 


PKC [12,13]. When the PKC inhibitor GF109203X (bisindolyl- 
maleimide 1) was tested in our model, a partial reduction in 
carbachol-induced MAPK activation was observed. Although 
the degree of inhibition observed was variable (ranging from 9 to 
96 94). an average reduction of 65 + 5 *; (mean+S.E.M.. n = 21) 
was induced by a concentration of GF109203X (2.5 uM) that 
abolished the response to the PMA (Figures 2 and 6A, see 
below). In contrast, EGF-induced MAPK activation was con- 
sistently resistant to this inhibitor (Figures 2A and 6B). Two 
additional PKC inhibitors were also tested; the indolocarbazole 
G66976 and the bisindolylmaleimmide Ro31-8220. G66976, a 
selective inhibitor of the calcium-dependent PKC isozymes x and 
fl [37], inhibited PMA- but not carbachol-induced MAPK 
activation (Figure 3A). Ro31-8220, which inhibits both calcium- 
dependent and calcium-independent PKC subtypes [38], as well 
as the atypical subtype PK CC (39], markedly inhibited carbachol- 
induced MAPK activation at a concentration (0.3 4M) that 
abolished the response to PMA (Figure 3B). 


PKC-independent MAPK activation by carbachol depends on 
transactivation of the EGF receptor 


It has been reported that stimulation of certain GPCRs trans- 
activates the EGF receptor, leading to stimulation of MAPK, 
apparently via recruitment of Shc, which couples the activated 
receptor to mSos [23-28,33,40]. The possibility that this mech- 
anism might account for the PKC-independent stimulation of 
MAPK by carbachol was addressed using a specific inhibitor 
of EGF receptor tyrosine kinase activity, AG1478 [41]. This in- 
hibitor abolished MAPK activation by EGF, as expected (Figure 
4A), but did not significantly inhibit carbachol-mediated tyrosine 
phosphorylation of paxillin, a substrate of Src [42.43] (results not 
shown), supporting the selectivity of AG1478 for the EGF 
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Figure 3 Effects of Ro31-8220 and Gó6976 on stimulation of MAPK by 


carbachol 


(A) Celis were pretreated with DMSO or G66976 (5 uM) for 30 min, then treated for 10 min 
with fresh medium containing DMSO or the inhibitor, alone or with carbachol (700 uM, or PMA 
(1 uM). (B) Cells were pretreated with DMSO or various concentrations of Ro31-8220 for 30 
min, then treated for 10 min with fresh medium containing carbachol (100 44M) or PMA (1 a) 
in the presence of DMSO and/or the inhibitor. Final DMSO concentrations were the same in 
all test solutions. The contro! received DMSO alone. Phosphorylated MAPK was detected in celi 
lysates by immunoblot analysis. 


receptor tyrosine kinase. AGI478 alone caused a consistent 
partial inhibition (of approx. 35°,) of MAPK activation by 
carbachol. Notably, GF109203X and AGI478 in combination 
virtually abolished the activation of MAPK bv muscarinic 
receptor stimulation (Figure 4B). The results suggest that the 
MAPK activity remaining in the presence of carbachol and 
GF109203X might be due to the activity of a second pathway 
dependent upon EGF receptor activation. 

The adapter protein Shc has been implicated in the activation 
of MAPK following EGF receptor activation by its cognate 
ligand EGF or by GPCRs [34.44]. Although three isoforms of 
She have been described, only two of these, p46 and p52 She. 
were detectable in HEK cells expressing m3 receptors. The p46 
isoform was tyrosine phosphorylated under basal conditions, 
and did not exhibit any consistent change in phosphorylation 
with exposure to carbachol. In contrast, tyrosine phosphorylation 
of p52 She was increased 3.6+0.7-fold by carbachol (mean + 
S.E.M., n= 10; Figure 4C). An increase in tyrosine phos- 
phorylation of the EGF receptor was also observed (Figure 4C). 
In a subset of these experiments, carbachol-induced tyrosine 
phosphorylation of p52 She and the EGF receptor was increased 
further in the presence of GF109203X (Figure 4D). These effects 
were abolished by AG1478 (Figure 4D). In other experiments. 
GF109203X instead caused a partial inhibition of She and EGF 
receptor tyrosine phosphorylation. The reasons for this in- 
consistency have not been determined; however, it was noted 
that GF109203X tended to increase carbachol-mediated She 
tyrosine phosphorylation in those experiments in which it was 
comparatively less effective as an inhibitor of MAPK activation. 


Src is a mediator of PKC-independent MAPK activation by 
carbachol 


Src has been implicated in the activation of MAPK by certain 
GPCRs [22.24]. In the present study, the Sre inhibitor PP] 
reduced carbachol-evoked MAPK activation by approx. 30%, 
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Figure 4 Activation of MAPK by m3-receptor stimulation is dependent on PKC and EGF-receptor transactivation 


(A) Cells were pretreated for 30 min in serum-free medium containing AG1478 (250 nM} or DMSO, then treated for 10 min in fresh medium containing DMSO of the inhibitor, with or without 
EGF (50 ng/ml). (B) Cells were pretreated for 30 min with serum-free medium containing GF109203X (GF109; 2.5 4M) or A61478 (250 nM) alone ar in combination, or the vehicie DMSO. Ceils 
were then incubated for 10 min in fresh medium containing one or both inhibitors, or DMSO, with or without carbachol (100 aM). Phosphorylated MAPK was detected by immunoblot analysis 
(upper panel) and quantified by densitometry (lower panel). Results represent means + S E.M. from 3-9 experiments. ^, Significantly diflerent from the corresponding control group: "", significantly 
different from carbachol alone, P < 0.05. (C) Celis were treated with carbachol (carb; 100 jM) or control (con) medium tor 10 min. Immunoprecipitates (IP) were prepared using antibodies fo 
She (left panel), or the EGF receptor (EGFR; right panel), and analysed by immunoblotting with a peroxidase-linked anti-phosphotyrosine antibody (clone PY99). (D) Cells were treated as in iB). 
immunoprecipitates were prepared using polyclonal antibodies to the EGF receptor (upper panel), or fo She (middle and lower panels) and immunobiotted using anti-phosphotyrosine antibodies 
(cione PY99) (upper and middle paneis) or monoclonal antibodies to She (lower panel). in the experiment shown, GF109203X reduced MAPK activation by 31%. 


(Figure 5A). In the same series of experiments, GF109203X 
reduced the mean response to carbachol by 76 ^. The combined 
action of PP1 and GF109203X abolished MAPK stimulation by 
carbachol (Figure SA). PP] reduced the tyrosine phosphorylation 
of She elicited by EGF, and decreased the association of the 
tyrosine-phosphorylated EGF receptor with She in EGF-treated 
cells (Figure 5B, middle panel). PPI also blocked the tyrosine 
phosphorylation of p52 She induced by carbachol (Figure 5C). 
The concentration of PP1 used in these experiments (10 yM) did 
not affect tyrosine phosphorylation of the EGF receptor induced 
by EGF (Figure 5B, upper panel) but effectively inhibited 
carbachol-mediated tyrosine phosphorylation of paxillin, a Src 
substrate (results not shown). Similar results were described by 
Daub and colleagues [24]. 


Role of PKC in suppression of EGF-mediated signalling by 
carbachol 


The results of the experiments described in this report suggest 
that EGF and m3 receptors might activate MAPK by at least 
partially convergent pathways. Therefore an experiment was 
carried out to determine if carbachol and EGF exert additive 
effects on MAPK activity. Interestingly, the responses to the two 
agonists were completely non-additive (Figure 6A). The PKC 
inhibitor GF109203X reduced the activation of MAPK by 
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carbachol, as shown earlier, but did not inhibit the response to 
EGF alone. or to EGF in combination with carbachol. The non- 
additive nature of MAPK stimulation by carbachol and EGF 
may be due to an inhibitory effect of carbachol on EGF signalling. 
Specifically, in the presence of carbachol, EGF-induced as- 
sociation of the tyrosine-phosphorylated EGF receptor with She 
was inhibited. The effect was reversed by GF109203X, suggesting 
that carbachol inhibits EGF signalling by activating PKC (Figure 
6B). 


DISCUSSION 


The results described in this study demonstrate that the regulation 
of MAPK activity by muscarinic receptors is dependent on PKC- 
and EGF receptor-mediated signalling pathways. A number 
of studies have shown that PKC plays a role in the coupling of 
GPCRs, including muscarinic ml and m3 receptors, to MAPK. 
PKC inhibitors, or down-regulation of PKC by long-term 
exposure to phorbol esters, completely inhibited MAPK ac- 
tivation in response to carbachol in Chinese hamster ovary cells 
transfected with ml receptors [12,13], and in SH-SYSY and SK- 
N-BE2(C) human neuroblastoma cells. which express endogen- 
ous m3 receptors [45.46]. However, the stimulation of MAPK by 
carbachol in NIH 3T3 cells transfected with ml receptors was 
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Figure 5 Src acts downstream of the EGF receptor to mediate MAPK activation by carbachol 


in fresh medium containing one or both inhibitors, or DMSO, with or without carbachol (100 æM). Phosphorylated MAPK was detected by immunoblot analysis (upper panel) and quantified by 
densitometry (ower panel), Results represent means + S.E.M. from 3 experiments, ^. Significantly different from the corresponding control group; “*, significantly different from carbachol alone, 
P « 0.05. (Bj Celis were pretreated for 30 min with medium containing DMSO or PP1 (10 uM) then incubated for 10 min in fresh medium containing DMSO or PP1, with or without EGF (50 ng/ml). 
immunoprecipitates (IP) of She proteins or the EGF receptor (EGFR) were prepared, and then immunoblotted with the anti-phosphotyrosine antibody PY99. (C) Cells were pretreated for 30 min 
with medium containing DMSO or PP1 (10 uM) then incubated for 10 min in fresh medium containing DMSO or PP1, with or without carbachol (100 aM). immunoprecipitates of She proteins 
were prepared, and immunoblotted with the anti-phosphotyrosine antibody PY99. 








A 
pád- 
p42” 
EGFR > 
carbachol | 
EGF 
GF 109203X p52 Shey 
p46 She. 
[C] contro! [GF 109203x 
50 IP: anti-Shc, Blot: anti-She 
X oe p52 Shc- ; 
ur 240 p46 She 7 
N- 
2 n 3.0 carbachol 
2220 EGF 
Zoe GF 109203X 
£v 


control carb EGF carb + 
EGF 


Figure 6 Carbachol and EGF exert non-additive effects on MAPK activity 


(A) Cells were pretreated for 30 min with serum-free medium containing GF109203X (2.5 41M) er the vehicle DMSO. Cells were then incubated for 10 min in fresh medium containing GF109203X 
or DMSO with or without carbachol (100 eM) and/or EGF (50 ng/ml). Phosphorylated MAPK was detected in cell lysates by immunoblot analysis (upper panel). Bands of phosphorylated MAPK 
were quantified by densitometry (lower panel: carb, carbachol). Results are expressed as means + S.E.M. from 3-8 experiments. *. significantly different from carbacho! alone, P< 0.05. (B) 
Cells were treated as in (A). Anti-Shc immunoprecipitates (IP) were prepared, and analysed by immunoblotting with anti-phosphotyrosine (upper panel) or anti-Shc (lower panel). The numbers 
to the right of the blot represent molecular masses in kDa. 
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only partially inhibited by GF109203X at a concentration (1 uM) 
that nearly abolished the response to the PMA [14], indicat- 
ing that an alternate pathway may mediate the response in some 
cell types. In the present study, which employed as a model HEK 
cells stably transfected with m3 muscarinic receptors, the PKC 
inhibitor GF109203X caused a partial reduction in carbachol- 
induced MAPK activation. Another PKC inhibitor, the bis- 
indolylmaleimide Ro31-8220, also substantially reduced MAPK 
activation by carbachol at a concentration that abolished the 
response to PMA. In contrast, the indolocarbazole G66976 did 
not affect the stimulation of MAPK by carbachol, although it 
too reduced the response to PMA. GF109203X and Ro31-8220 
are inhibitors of both calcium-dependent and calcium-inde- 
pendent PKC isoforms, whereas G66976 inhibits only calcium- 
dependent isoforms [37,38]. Taken together, the results suggest 
that calcium-dependent and -independent PKC isoforms are 
both capable of regulating MAPK activity in HEK cells That 
G66976 was ineffective against carbachol implies a role for 
calcium-independent PK Cs as mediators of MAPK activation by 
m3 receptors, but does not rule out the possibility that calcium- 
dependent isoforms are also involved, since inhibition of their 
effects by G66976 could be masked by the activity of isoforms 
resistant to this inhibitor. À recent study in SK-N-BE2(C) 
human neuroblastoma cells showed that, although these cells 
express multiple PKC isoforms, only PKCe was activated by 
carbachol, and was determined to mediate MAPK activation 
by carbachol [46]. This is surprising, since the stimulation of 
phosphoinositide hydrolysis by muscarinic receptor stimulation 
would be expected to activate calcium-dependent as well as 
calcium-independent PKC isoforms [47], and indeed, stimulation 
of m3 receptors in transfected Chinese hamster ovary cells 
activated PKC isoforms of both classes [48]. Additional exper- 
iments will be necessary to determine which specific PKC isoforms 
mediate the activation of MAPK by m3 receptor stimulation in 
the present model. 

The PKC-independent MAPK activity elicited by carbachol ın 
the presence of GF109203X was abolished either by an inhibitor 
of EGF receptor tyrosine kinase activity, or by an inhibitor of 
Src, suggesting the involvement of these two tyrosine kinases 
in this component of the response. A number of GPCRs have 
been shown to activate MAPK via transactivation of the EGF 
receptor. This conclusion is based on a series of reports demon- 
strating that pharmacological inhibitors of the EGF receptor 
kinase, or expression of dominant negative EGFreceptor mu- 
tants, prevent the activation of MAPK in response to GPCR 
ligands such as endothelin-1, lysophosphatidic acid, a-thrombin, 
angiotensin II, UTP and carbachol [23—28,33]. In most reports 
to date, the EGF receptor-dependent pathway 1s the principal 
route connecting GPCRs with MAPK, and inhibition of the 
EGF receptor activity alone is enough to interrupt the stimu- 
lation of MAPK by the GPCR ligand. In the present study, in 
contrast, the EGF receptor-dependent component appeared to 
account for only a part of the response. 

Many studies of EGF receptor transactivation by GPCRs 
report that tyrosine phosphorylation of adapter proteins such as 
Shc, Cbi and Gabl is increased by GPCR activation [23,24, 
27,33,40]. Consistent with these reports, stimulation of m3 
receptors increased tyrosine phosphorylation of p52 Shc by 3.6- 
fold. The increase was blocked by the EGF receptor inhibitor 
AG1478, and by the Src inhibitor PP1, suggesting that Shc 
phosphorylation was a result of an interaction with the activated 
EGF receptor, and with Sre. Moreover, since PP1 inhibited the 
association of the tyrosine-phosphorylated EGF receptor with 
Shc, without decreasing total EGF receptor tyrosine phos- 
phorylation (Figure 5), it is likely that PP1 does not directly 


© 2000 Biochemical Society” 


inhibit EGF receptor tyrosine kinase activity. Similar results 
have been reported by others [21,24], leading to the suggestion 
that Src may act ‘downstream’ of the EGF receptor to mediate 
tyrosine phosphorylation of Shc, possibly after the latter associ- 
ates with the activated EGF receptor [34]. The results are also 
consistent with the possibility that tyrosine-phosphorylated Shc 
couples the activated EGF receptor to the MAPK cascade, 
presumably via recruitment of the Grb2-mSos complex [49], 
although the authors do not rule out the involvement of other 
adapter proteins in the response. 

In a subset of experiments in which the response was assessed, 
it was noted that tyrosine phosphorylation of p52 Shc induced by 
carbachol was actually increased in the presence of GF109203X 
(Figure 4D). This was accompanied by increased tyrosine phos- 
phorylation of the EGF receptor. These effects tended to occur 
in experiments in which the inhibitory effect of GF109203X on 
carbachol-induced MAPK activation was less than average. It is 
important to note that, regardless of the extent of MAPK 
inhibition by GF109203X, the residual, PK C-independent re- 
sponse was virtually abolished by AG1478 or by PP1. The results 
suggest that, under certain conditions that are as yet ill-defined, 
activation of PKC by carbachol may inhibit signalling by the 
EGF receptor/Src-dependent pathway. In such an instance, 
addition of the PKC inhibitor GF109203X unmasks, or 
potentiates, this secondary pathway. This hypothesis is supported 
by the observation that carbachol inhibited the association of 
tyrosine-phosphorylated EGF receptor with Shc caused by 
exogenous EGF, an effect that was reversed by GF109203X 
(Figure 6B). A similar interaction between carbachol and EGF 
has also been described by others [50]. The combined effect of 
carbachol and EGF on MAPK activation did not exceed the 
response to EGF alone, a result that also supports the notion 
that carbachol inhibits signalling by EGF (although it is also 
possible that the magnitude of the MAPK response is restricted 
by the limited availability of additional factors). A similar PKC- 
dependent suppression of the EGF receptor transactivation 
pathway was observed in GN4 rat liver epithelial cells stimulated 
with angiotensin II [28]. In contrast to these findings, tyrosine 
phosphorylation of endogenous EGF receptors by carbachol in 
ml receptor-expressing HEK cells was reported to be mediated 
by PKC, as it was inhibited by GF109203X [40]. It 1s therefore 
possible that m1 and m3 receptors differentially modulate EGF 
receptor signalling pathways. 

The mechanism linking activated GPCRs to the RGF receptor 
is unclear. Although EGF receptor transactivation by ml or 
angiotensin-Il receptors occurred in the absence of detectable 
EGF release from the cells [26,40], it was recently reported that 
the GPCR ligands endothelin, carbachol and lysophosphatidic 
acid activate the EGF receptor via metalloprotease-dependent 
cleavage of the transmembrane precursor of heparin-binding 
EGF-like growth factor [51]. It remains to be determined whether 
this mechanism accounts for the transactivation of the EGF 
receptor observed in the present study. 

In summary, the results indicate that muscarinic m3 receptors 
regulate the activation of MAPK by two mechanisms; one 
dependent on PKC, and the other on sequential activation of the 
EGF receptor and Src tyrosine kinase. The consequences of this 
dual regulatory mechanism for cell signalling are currently 
unknown. In PC12 cells, nerve growth factor results in sustained 
activation of MAPK activity, and cell differentiation, whereas 
EGF produces a short-lived increase in MAPK, and cell pro- 
liferation ([52] and references therein). Moreover, the sustained, 
but not the early phase of, integrin-mediated MAPK activation 
is dependent on PKC [53] It is therefore plausible to propose 
that the duration of MAPK activation, and therefore the 
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downstream consequences of m3 receptor stimulation, may 
depend on whether or not the response is mediated principally 
by PKC or by transactivation of the EGF receptor, or by a 
combination of both signals. The existence of multiple, in- 
dependently regulated pathways linking GPCRs to MAPK may 
thus expand the repertoire of responses available to a cell 
exposed to a given extracellular signal. 
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Purification from rat liver of a novel constitutively expressed member 
of the aldo-keto reductase 7 family that is widely distributed in 


extrahepatic tissues 


Vincent P. KELLY, Linda S. IRELAND, Elizabeth M. ELLIS' and John D. HAYES* 
Biomedical Research Centre, Ninewells Hospital and Medical School, University of Dundee, Dundee DD1 9SY, Scotland, U.K. 


Antiserum raised against human aflatoxin B, aldehyde reductase 
1 bAFAR1) has been used to identify a previously unrecognized 
rat aldo-keto reductase (AKR). This novel enzyme is designated 
rat aflatoxin B, aldehyde reductase 2 (rAFAR2) and it charac- 
teristically migrates faster during SDS/PAGE than does the 
archetypal ethoxyquin-inducible rAFAR protein (now called 
rAFARI). Significantly, rAFAR2 is essentially unreactive with 
polyclonal antibodies raised against rAFAR1. Besides its distinct 
electrophoretic and immunochemical properties, rAFAR2 
appears to be regulated differently from rAFAR1] asit is expressed 
in most rat tissues and does not appear to be induced by 
ethoxyquin. Multiple forms of rAFAR2 have been identified. 
Anion-exchange chromatography on Q-Sepharose, followed by 
adsorption chromatography on columns of Matrex Orange A 
and Cibacron Blue, have been employed to purify rAFAR2 from 
rat liver cytosol. The Q-Sepharose chromatography step resulted 
in the resolution of rAFAR2 into three peaks of AKR activity, 
two of which were purified and shown to be capable of catalysing 
the reduction of 2-carboxybenzaldehyde, succinic semialdehyde, 
4-nitrobenzaldehyde and 9,10-phenathrenequinone. The two 
most highly purified rAFAR2-containing preparations eluted 
from the Cibacron Blue column were 91 and 98 % homogeneous. 


INTRODUCTION 


The aldo-keto reductase (AKR) superfamily comprises soluble 
NAD(P)\(H)-dependent oxidoreductases that typically catalyse 
the reduction of carbonyl-containing compounds and/or the 
oxidation of alcohols [1,2]. Endogenous substrates for AKR 
include monosaccharides [3,4], prostaglandins [5,6] and steroids 
[7], neurotransmitter aldehydes produced by monoamine oxidase 
[8] and reactive a,f-unsaturated carbonyls arising from lipid 
peroxidation [9,10]. In addition, AKR metabolizes numerous 
harmful compounds of foreign origin, including cytotoxic thera- 
peutic drugs, polycyclic aromatic hydrocarbons, mycotoxins, 
isoflavonoid phytoalexins, herbicides and pesticides [11-14]. 
Amino acid sequence alignments have allowed division of 
AKR into seven multigene families [1,2]. The AKRI family 
contains all of the better characterized mammalian isoenzymes, 
including aldehyde reductase, aldose reductase, chlordecone 
reductase, 3a-hydroxysteroid dehydrogenase (also called 
dihydrodiol dehydrogenase), prostaglandin F synthase, and 


Analysis of these by SDS/PAGE indicated that the least anionic 
(peak CBA5) comprised a polypeptide of 37.0 kDa, whereas the 
most anionic (peak CBA6) contained two closely migrating 
polypeptides of 36.8 and 37.0 kDa; by contrast, in the present 
study, rAFARI was estimated by SDS/PAGE to be composed 
of 38.0 kDa subunits. Final purification of the 37 kDa poly- 
peptide in CBA5 and CBA6 was accomplished by reversed-phase 
HPLC. Partial proteolysis of the two preparations of the 37 kDa 
polypeptide with Staphylococcus aureus V8 protease yielded 
fragments of identical size, suggesting that they represent the 
product of a single gene. Furthermore, the peptide maps from 
CBAS and CBA6 differed substantially from that yielded by 
rAFARI, indicating that they are genetically distinct from the 
inducible reductase. À peptide generated by CNBr digestion of 
the 37 kDa polypeptide from CBA6 was shown by Edman 
degradation to share 88% sequence identity with residues 
Tyr!**-Leu*?! of rAFARI. This provides evidence that the rat 
protein identified by its cross-reactivity with anti-hAFARI serum 
is an additional member of the AKR7 family. 


Key words: carboxybenzaldehyde, y-hydroxybutyrate, phenan- 
threnequinone, succinic semialdehyde, tissue-specific expression. 


A*-3 oxosteroid 5f-reductase [15]. As indicated by their names, 
the AKRI proteins exhibit diverse activities; they are widely dis- 
tributed and have been identified in human, rat, mouse, cow, 
pig, rabbit, frog and barley. The AKR2-5 families comprise 
reductases from bacteria, yeast and plants, and do not appear to 
be represented 1n mammalian species [1,2]. Proteins placed 1n the 
AKR6 family are £-subunits of the Shaker-related voltage-gated 
K* channels isolated from human, rat and cow [1,16—18]. It has 
been proposed that f-subunits mediate the regulation of the K* 
channel by intracellular chemical signals, presumably carbonyl 
groups, though it remains to be established whether f-subunits 
function as enzymes. Finally, the AK R7 family has been identified 
in rat and human [19-22]. Whilst only distantly related to other 
AKR. famulies, the mammalian AKR7 isoenzymes catalyse the 
reduction of many of the aromatic aldehydes and a-dicarbonyls 
which are metabolized by aldehyde reductase and aldose re- 
ductase [21-23]. 

Protein crystallography has shown that human aldose re- 
ductase (AKRIBl1), rat 3a-hydroxysteroid dehydrogenase 


Abbreviations used AFAR, aflatoxin B,-aldehyde reductase, hAFAR, human AFAR, rAFAR, rat AFAR, AFB,, aflatoxin B,; AKR, aldo-keto reductase, 
2-CBA, 2-carboxybenzaldehyde, CBA1-6, chromatography peaks 1-6 containing reductase activity towards 2-carboxybenzaldehyde, DTT, 
dithiothreitol; ECL9, enhanced chemiluminescence (Amersham), GABA, y-aminobutyric acid, GHB, y-hydroxybutyric acid, 4-NBA, 4-nitrobenz- 
aldehyde, NQO1, NAD(P)H‘ quinone oxidoreductase 1, 9,10-PQ, 9,10-phenanthrenequinone; SSA, succinic semlaldehyde, UTR, untranslated region 
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(AKR1C9) and mouse fibroblast-growth-factor-1-1induced pro- 
tein (AKR1B8) are monomeric proteins and share a common 
(a/f),-barrel three-dimensional fold [24-26]. Such studies have 
demonstrated that the active centres of the AKRI enzymes are 
structurally similar. Moreover, their catalytic mechanism 1s 
distinct from that employed by either the long-chain alcohol 
dehydrogenase or the short-chain dehydrogenase/reductase 
superfamilies, some of which can metabolize compounds that are 
also AKR substrates [15]. The crystal structure of the rat voltage- 
gated K*-channel f-subunit 2 (Kv£2 or AKR6A2) has also been 
solved [27]. This has shown that, although AK R6A2 possesses a 
(a/f),-barrel fold similar to that of the AKRI family members, 
and can bind nicotinamide cofactor, it is capable of forming 
tetramers. This is an important observation, because it means 
that the quaternary structure of AKR proteins is variable. 

The body of literature describing the biological activities of 
AKR7 isoenzymes is relatively small. The founding member 
of this family (AKR7A 1) was discovered in rat liver as an aflatoxin 
B,-aldehyde reductase (rAFAR1) that was induced by feeding 
rodents on diets containing the synthetic antioxidant 6-ethoxy- 
1,2-dihydro-2,2,4-trimethylquinoline (ethoxyquin) [19]. Subse- 
quent work revealed that rAFARI ıs induced by a range of 
xenobiotics, including butylated hydroxyanisole, coumarin, 1,2- 
dithiole-3-thione, #-naphthoflavone, oltipraz and trans-stilbene 
oxide [28—30], most of which are believed to transcriptionally 
activate gene expression through the antioxidant responsive 
element [31]. Following characterization of this inducible 
rat AKR, two related human reductases, called hAFARI (or 
AKR7A2) [22] and hAFAR2 (or AKR7A3) [32], were isolated 
by molecular-cloning techniques. Functional studies of the rat 
and human AKR7 isoenzymes have shown that, under in vitro 
conditions, aflatoxin B,-aldehyde is not a particularly good 
substrate for this family of reductases [21,22]. Both rAFAR] and 
hAFAR! have substantial activity towards succinic semialdehyde 
(SSA) [21,22], suggesting that this compound, which is derived 
from y-aminobutyric acid, may represent an important physio- 
logical substrate for the AK. R7 enzymes. In addition to exhibiting 
SSA reductase activity, rAFAR1 and hAFARI are able to 
metabolize 2-carboxybenzaldehyde (2-CBA) [22], a compound 
that is structurally related to SSA and has been shown to be 
reduced in vivo by rats and man [33]. Among aldo-keto reductases, 
2-CBA appears to be a relatively specific substrate for AKR7 
family members [23] 

In the light of the finding that humans possesses two AFAR 
isoenzymes, we have been prompted to consider whether the rat 
also possesses multiple AFARs. In the present study polyclonal 
antibodies raised against hAFAR1 have been used to reveal the 
existence of an immunochemically related protein in numerous 
rat tissues, which 1s not induced by ethoxyquin and is not 
recognized by anti-rAFARI1 serum. The novel immunoreactive 
protein exists in several forms, and these have been purified from 
rat liver. As described below, the purified protein has been 
designated rAFAR2 because it 1s catalytically active with the 
carbonyl-containing substrates 2-CBÀ and SSA. Though 
rAFAR2 is distinct from rAFARI, it is structurally related and 
is a member of the AKR7 family. 


MATERIALS AND METHODS 


Reagents 


Chemicals were of the highest grade and were readily available 
commercially. Matrex Orange A chromatography gel was 
obtained from Amicon Ltd. (Stonehouse, Gloucestershire, U.K .). 
The pre-packed HiTrap Blue columns as well as the Q-Sepharose 
and Sephadex G-150 chromatography gels, and Staphylococcus 
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aureus V8 protease, were purchased from Sigma Chemical Co 
(Poole, Dorset, U.K). 


Buffers 


These were prepared at 20°C, and the pH values quoted are 
those obtained at ambient temperature. 


Animals 


The initial study into possible existence of multiple AFAR 
proteins used as tissue source livers from 12 week old male 
Fischer 344 rats fed on either a control diet or on a diet 
containing 0.5 95 (w/w) ethoxyquin for the 14 days immediately 
before sacrifice. The Fischer rats for this analysis were purchased 
from Harlan Olac Ltd. (Bicester, Oxon., U.K.), and the feeding 
experiments performed by colleagues at the MRC Toxicology 
Unit, University of Leicester, Leicester, U.K. (for further details 
see [34]). In all other studies, 12-week-old male Sprague-Dawley 
rats (from Imperial Cancer Research Fund, Biological Resource, 
Clare Hall, Potters Bar, Herts, U.K.) were used as the tissue 
source. Upon removal, the organs from Fischer 344 and 
Sprague-Dawley rats were snap-frozen, shipped to Dundee on 
solid CO,, and stored at —70 °C until use. 


Human matertal 


Several samples of normal human liver cytosol were examined 
during the course of the study to allow comparison of hepatic 
polypeptides in rat and man that cross-react with antibodies 
against various AFAR proteins. The liver sample examined was 
from patient 387 who died from a cerebral infarct; the specimen 
has been characterized previously [35]. 


Cell culture 


Rat H4ITE hepatoma cells were from the European Collection 
of Animal Cell Cultures. The cells were seeded at a density of 
2x 104 into T-75 flasks containing minimal essential medium 
with Earle's salts and glutaMAX-1® (Eagle) supplemented with 
1% (v/v) non-essential amino acids, 10% (v/v) foetal-bovine 
serum and 50 units of penicillin/streptomycin. Cells were main- 
tained in an atmosphere of 5% CO, at 37°C. Cells were 
harvested at 80% confluency by scraping them into a Universal 
sterile tube containing 10 ml of PBS. 


Molecular cloning and expression of rat AKR1 family members 


Complementary DNAs were amplified by reverse-transcription 
(RT)-PCR using total rat liver RNA as source of message for 
aldehyde reductase (AK R1A3), 3a-hydroxysteroid dehydrogen- 
ase (AKRIC9) and A*-3-ketosteroid 5f-reductase (AKR1D2). 
Aldose reductase (AK R1B4) was cloned using RNA from rat 
kidney as template for RT-PCR. In these reactions, the oligo- 
nucleotide primers used to amplify the cDNA were designed to 
create an del restriction site at the initiation codon, either a 
EcoRI or KpNI restriction site in the 5'-untranslated region 
(UTR) and either a BamHI or XhoI restriction site ın the 3’- 
UTR. The primers, along with the cDNA sequences used ın their 
design, were as follows: 


AKRI1A3[36]: 
5'-.CCGGATICATATGACGGCCTCCAGTOQG-3' (sense) and 


5’-CGCGGATCCTACGGGCCTCAGTATG-3’ (antisense) 
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AKRIBA [37]: 
5'.CCGGATTCATATGGCTAGCCATCTGGA-3' (sense) and 


5'-CCGCTCGAGCCACAGCTTCAGACTTC-3' (antisense) 


AKRIC9 [38]: 
5-CGGGGTACCATATGGATTCCATATCTCTGC-3 (sense) 


and 
S"CGOGGATCCCACCATGTTACT ATTCATC-3’ (antisense) 


AKRID2 [39]: 
5’-CCGGATTCATATGAACCTCAGCACTGC-3’ (sense) 


and 
5'-CGCGGATCCATGTTCAGTATTCGTCATOG:-3' (antisense) 


The amplified cDNAs were purified from the reaction mixtures 
(using QIAquick PCR purification kits) before being subjected to 
double digestion with either EcoRI or KpNI and either BamHI or 
Xhol. The restriction-digest products were resolved by agarose- 
gel electrophoresis, and the fragments of interest were ligated 
into pTZ19r that had been treated with the same restriction 
enzymes using standard methods. Following propagation of 
these cDNA clones in pTZ19r, the coding regions for AKR1A3, 
AKRICO9 and AKR1D2 were excised with Ndel and BamHI and 
that for AK R1B4 was excised with Ndel and Xhol to allow them 
to be subcloned into the pET15b expression vector. This was 
achieved by ligation of the cDNAs both in-frame and down- 
stream of the region in pET15b that encodes an N-terminal 
polyhistidine tag. The ligation products were transformed into 
Escherichia coli BL21 pLysS cells. Recombinant rat AKR 
isoenzymes were purified from soluble bacterial extracts by 
nickel chelate chromatography as described previously [20,22]. 


Antibodies 


These were all raised in female New Zealand White rabbits. The 
antiserum employed against rAFARI1 was raised previously 
against the native ethoxyquin-inducible reductase purified from 
rat liver [19]. Antiserum for hAFARI was raised by Ireland 
et al. [22] against the recombinant protein expressed in EF. coli; 
the RW143 serum was used, and this displays specificity for the 
C-terminal portion of the protein [22]. Production of antibodies 
against rat NAD(P)H :quinone oxidoreductase 1 (NQO1) is de- 
scribed elsewhere [30]. During the present project antibodies 
were raised against bacterially expressed polyhistidine-tagged 
AKRIA3, AKRIB4, AKRIC9 and AKRID2 using standard 
methods. 


Biochemical analyses 


Protein concentrations were measured by the method of Bradford 
[40]. 

Reductase activity was measured at 25 °C in 100 mM sodium 
phosphate buffer, pH 7.0, using either 2-CBA (1 mM), SSA (1 
mM), 4-nitrobenzaldehyde (1 mM) or 9,10-phenanthrene- 
quinone (0.05 mM) as substrates. Both NADPH and NADH 
were employed as cofactors (at a concentration of 0.2 mM) and 
the initial rate of reaction was monitored using a Cobas Fara 
centrifugal analyser (Hoffmann-La Roche Ltd., Basel, 
Switzerland) at 340 nm. 

Discontinuous SDS/PAGE was performed by the method of 
Laemmli [41], and proteins were stained with Coomassie Blue. 
For most analyses the Bio-Rad Mini-Protean II Cell apparatus 
was used (Bio-Rad Laboratories, Hemel Hempstead, Herts, 
U.K.). However, when maximal resolution between the multiple 
AFAR proteins was required, electrophoresis was carried out in 


the larger Bio-Rad Protean II xi Cell. In many electrophoretic 
runs, bacterially expressed rAFAR1 was included as a purified 
standard to facilitate identification of proteins. For this purpose, 
the cDNA coding region for the reductase was subcloned into 
pET17b and expressed in E. coli as the full-length rat protein 
without an N-terminal polyhistidine tag. The heterologously 
expressed rÀAFARI was purified from bacterial lysates by Q- 
Sepharose chromatography, essential as described by Ellis 
et al. [28]. 

For Western blotting, electrophoretic transfer of polypeptides 
from SDS/PAGE gels to nitrocellulose membranes was carried 
out with Bio-Rad equipment that was appropriate for the size of 
the PAGE gel. Protein binding sites on membranes were blocked 
by placing them overnight in 20 mM Tris/HCl/150 mM NaCl/ 
0.2595 (v/v) Tween, pH 7.4, which contained 1095 (w/v) semi- 
skimmed milk (buffer A). The blots were then incubated for 1 h 
at room temperature with antisera against AKR isoenzymes (at 
1:2000 dilution in buffer A). After washing, bound antibody was 
allowed to react for 1 h at room temperature with a horseradish 
peroxidase-conjugated secondary antibody (goat anti-rabbit IgG, 
at 1:3000 dilution) in buffer A. The antibody complexes were 
detected by enhanced chemiluminescence (ECL', Amersham) 
and revealed after exposure to Blue-sensitive X-ray film (Genetic 
Research Instrumentation, Braintree, Essex, U.K.) [28]. 


Protein purification 


The chromatography methods used to isolate the rat AFAR 
proteins were adapted from those used to punfy hAFARI [22]. 
All steps were performed on ice or at 4°C. The protocol is 
described fully in the Results section below. Briefly, rat liver 
100000 g supernatant (cytosol) was prepared in 10 mM Tris/ 
HCl, pH 8.2 (buffer B), containing 1 mM dithiothreitol (DTT) 
and dialysed extensively against the same buffer before being 
subjected to chromatography on Q-Sepharose. This anion- 
exchange step resulted in resolution of rAFARI from the 
additional AFAR forms in rat liver. The various AFAR- 
containing peaks were collected separately, and each was sub- 
jected sequentially to chromatography on columns of Matrex 
Orange A and HiTrap Blue (i.e. Cibacron Blue). 


Protein chemistry 


Portions (100 ug protein) of the AFAR preparations obtained 
from the HiTrap Blue step were subjected to reversed-phase 
HPLC on a 4.6mmx 250mm Brownlee C,, column (7 um 
particle size and 300 A pore size). This column was developed 
using a linear 35—70 95 acetonitrile gradient which was formed in 
0.1% (v/v) trifluoroacetic acid over 90 min using two model 510 
pumps from Waters Associates (Instruments), Northwich, 
Cheshire, U.K. The column was eluted at 1.0 ml/min, and the 
entire chromatography run took 100 min to complete; it included 
a 10 min isocratic ‘loading’ period during which the flow rate 
was increased from 0.1 to 1.0 ml/min. The protein-containing 
peaks were collected manually (about 1.5 ml) and freeze-dried 
twice to remove all traces of trifluoroacetic acid. The dried 
material was dissolved in about 100 ul of electrophoresis sample 
buffer (0.1% (v/v) SDS in 10mM Tris/HCl, pH 7.0) and 
subjected to a final SDS/PAGE purification step in 12 %-(w/v)- 
polyacrylamide resolving gels. Western blotting was used to 
confirm that the correct polypeptide had been isolated. 

Peptide maps were prepared by examination of partial di- 
gestion of the AFAR preparations with S. aureus V8 protease. 
Electrophoretically purified AFAR proteins were located within 
PAGE gels by rinsing them briefly with ice-cold water followed 
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by immersion in aq. 250 mM KCI containing 1 mM DTT. The 
polypeptide band of interest was cut out of the polyacrylamide 
gel using a razor blade, and the gel slice obtained was rinsed 
twice for a total of 10 min with 3.0 ml ice-cold aq. 1 mM DTT 
before being freeze-dried. A single freeze-dried gel slice was 
allowed to rehydrate for 5 min in the sample well of a pre-cast 
slab SDS/PAGE gel (comprising a 16°, polyacrylamide re- 
solving gel). This was allowed to occur in a solution of protein 
elution buffer i.e. 0.1 ^5 (v/v) SDS/1 mM EDTA/2.5 mM DTT/ 
125 mM Tris/HCl, pH 6.8], which was placed into the sample 
well immediately before the gel slice. Once rehydrated, the gel 
slice was overlaid with a 5 jd aliquot of protein elution buffer 
containing 20 *; (v/v) glycerol. On top of this was layered a 5 jd 
aliquot of a 100 g/ml solution of S. aureus V8 protease in 
125 4M Tris/HCl, pH 6.8, containing 1 mM EDTA, 0.1 % (w/v) 
SDS, 10%, (v/v) glycerol and 0.001 ° (w/v) Bromophenol Blue. 
Immediately following these additions, the electrophoresis run 
was begun. Digestion of the AFAR proteins by V8 protease was 
allowed to proceed within the gel by briefly stopping electro- 
phoresis for 30 min once the sample had migrated about two- 
thirds the way through the 3°, polyacrylamide stacking gel, at 
which time the components appeared to be maximally concen- 
trated. 

CNBr digestion of AFAR was performed on material that had 
been purified by HPLC and SDS/PAGE, as described above. 
Freeze-dried polyacrylamide-gel slices, which contained about 
2 ng of AFAR, were rehydrated for 10 min in ice-cold aq. 70%, 
(v/v) formic acid. After this period of equilibration (carried out 
in a microcentrifuge tube), the acid was removed, two crystals of 
CNBr were added along with 0.5 ml of fresh 70°) (v/v) formic 
acid, and the mixture was flushed with N, gas. The reaction was 
allowed to proceed in the dark for 30 min at room temperature. 
Digestion was stopped by removing the solution and washing the 
gel twice with 1 ml of ice-cold water for 5 min, followed by two 
changes of ice-cold 1 M Tris/HCI buffer. pH 6.8, also for 5 min. 
The gel slices were placed in the wells of preformed slab 
SDS/PAGE gels, and the cleavage products were resolved by 
electrophoresis in. 16°,-(w/v)-polyacrylamide gels. The frag- 
ments were either stained with Coomassie Blue or transferred 
onto Problott™ membrane for amino acid sequencing. This was 
performed as described previously [42]. 


RESULTS 


Identification of a novel 37 kDa-AFAR protein in rat tissues and 
rat cell line 


The molecular mass of rAFARI, as estimated by SDS/PAGE, 
has been variously reported to lie between 36 and 40 kDa 
[19,22.28]. During the present study it was estimated by SDS/ 
PAGE to be 38 kDa. 

Western blotting with anti-CrAFAR I-serum has previously 
shown that the reductase is present at low levels in livers of rats 
fed on control diet, but is induced 15-fold in the livers of rats fed 
on an ethoxyquin-containing diet [28]. Figure 1(A) shows that 
anti-CrAFAR serum cross-reacts with a single electrophoretic 
band in both rat and human liver cytosol. Surprisingly, in the 
reverse experiment, the antibody raised against. hAFARI 
detected two polypeptides in liver cytosols from rats fed on a 
control diet and those fed on an ethoxyquin-containing diet 
(Figure 1B). Among these two cross-reacting bands the poly- 
peptide that migrated more slowly during SDS/PAGE corre- 
sponded to the inducible rat protein and was estimated to have 
a molecular mass of 38 kDa. The additional polypeptide with the 
faster electrophoretic mobility, which was not detected with anti- 
rAFARI serum, was found to co-migrate with the human 


© 2000 Biochemical Society 








Figure 1 A novel 37 kDa polypeptide in rat liver cross-reacts with anti- 
hAFAR1 serum 


Portions (5 jug of protein) of hepatic cytosol were subjected to Western blotting. The sampies 
were loaded in an identical fashion on to two separate polyacrylamide-gels as follows: 1, liver 
from Fischer 344 rats fed on contro! diet: 2. liver from rats fed on an ethoxyquin-containing 


f^ 


diet: 3. normal human diver. Once the SDS/PAGE run was complete, Ihe proteins were 
transferred electrophoretically to immobilon-P membranes and probed with either anti-rAFART 
serum (A) or anti-hAFART serum (B). Cross-reacting polypeptides were revealed by ECL". The 
position of mobility of 37 kDa and 38 kDa polypeptides is indicated. Abbreviations: Con., 
control; EQ, ethoxyquin. 


AKR7A2 immunogen (L. S. Ireland and J. D. Hayes, unpub- 
lished work). In these experiments its molecular mass was 
estimated to be 37 kDa, and as this polypeptide did not appear 
to be inducible by ethoxyquin, it was thought to be distinct from 
rAFARI. The fact that it cross-reacted with hAFARI antiserum 
suggests that it is likely to be a further member of the AKR7 
family. It was postulated that the 37 kDa polypeptide which 
is immunochemically related to hAFARI might represent 
rAFAR2. However, until this hypothesis was substantiated (see 
below) the putative rAFAR2 isoenzyme was called 37 kDa- 
AFAR. 

Immunoblotting of extracts prepared from rat HAITE cells 
with anti-hAFAR I-serum also showed the presence of two cross- 
reacting polypeptides (Figure 2). The two bands observed in 
HAIIE-cell extracts co-migrated with those in rat liver, and the 
slower electrophoretic band had the same mobility as bacterially 
expressed rAFARI. The 37 kDa-AFAR rat protein was not 
recognized with antibodies raised against rAFARI. 

The expression of 37 kDa-AFAR was examined in extrahepatic 
rat organs, not only to confirm that it is regulated differently 
from rAFAR1. but also to identify the best tissue source for the 
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Figure 2 Identification of 37 kDa-AFAR in a rat hepatoma cell line 


Portions (5 jg of protein) of postnuclear supernatants from the livers of rats fed on control diet 
and from HATE cells, along with heterologously expressed purified rAFAR1 (0.02 4 Of protein), 
were subjected to Western biotting as described in the text, SDS/PAGE, performed in a Bio- 
Rad Protean II xi Cell apparatus, was loaded as follows: 1, rAFAR1: 2, Sprague~Dawiey rat 
liver cytosol: 3, soluble extract from untreated H4IIE cells. Blots of the resolved proteins were 
prepared and probed with anti-hAFAR1 serum. 


novel protein. Western blotting of organs from rats fed on a 
control diet showed that rAFARI has a limited tissue dis- 


tribution. Among the organs studied, significant amounts of 


rAFARI were observed in only kidney, liver, testis and pancreas. 
By contrast, 37 kDa-AFAR was found to possess a broader 
tissue distribution than rAFARI, with substantial levels being 
observed in kidney, vas deferens, testis, pancreas, brain, adrenal 
gland and lung (Figure 3). Significant amounts of this novel 
protein were also detected in liver, heart, skeletal muscle, 
epididymus, ovary, spleen and stomach. The Western blots also 
revealed the presence of a fast-migrating cross-reacting protein in 
kidney, liver and spleen that was estimated to be about 36.8 kDa. 


Resolution of rat carbonyl-reducing enzymes from liver cytosol 


Liver was chosen as the source of 37 kDa-AFAR because 
immunoblotting demonstrated it to be relatively abundant in 
hepatic cytosol; also the liver is a large organ and our laboratory 
has previous experience of analysing AKR from this tissue 
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[28,43]. Dialysed rat liver cytosol was applied to a column of Q- 
Sepharose that was developed with a linear 0-250 mM NaC! 
gradient in buffer B containing 1 mM DTT. Monitoring the 
column eluate with the substrates SSA, 4-nitrobenzaldehyde (4- 
NBA) and 9,10-phenanthrenequinone (9,10-PQ) showed that 
this anion-exchange-chromatography step gave rise to seven peaks 
of carbonyl-reducing activity. These have been designated 
peaks la, Ib, Ic, H, IH, V and VI (Figure 4a) in accordance with 
the nomenclature introduced by Ellis et al. [28]. The highly 
anionic material recovered in peak VI, which was eluted by the 
final | M NaCl step, did not possess activity towards 4-NBA and 
9.10-PQ with NADPH as cofactor. Peak VI did, however, 
exhibit activity towards 4-NBA and 9,10-PQ with NADH as 
cofactor (results not shown). It should be noted that, in the 
present study, the use of a larger column resulted in greater 
resolution than was achieved previously, and as a consequence 
three separate activities were detected in peak I (la, Ib and Ic). 
The enzyme activity designated peak IV by Ellis et al. [28] has not 
been recovered as a separate entity in the present chromato- 
graphic fractionation (Figure 4a). 

Examination of eluate from Q-Sepharose with 2-carboxy- 
benzaldehyde as substrate revealed a unique set of activities 
which could not be readily aligned with activity for SSA, 4-NBA 
or 9,10-PQ. As shown in Figure 4(b), a total of six 2-CBA 
reductase peaks (CBA1-CBA6) were distinguished across the 
profile. The first of these, CBAI, did not bind the anion- 
exchange column and was eluted during the washing stage 
between fractions 27 and 35, whereas CBA2 was eluted by the 
salt gradient at a similar position to peak Ic. Fractions repre- 
senting CBA3 correspond to peak III. The three remaining 
peaks of reductase activity towards 2-CBA were designated 
CBA4, CBAS5 and CBA6 and eluted in fractions 130—142, 145—158 
and 162-176 respectively. Although CBA4 appears to be eluted 
with peak V, neither CBAS nor CBA6 was co-eluted with 
previously described AKR chromatography peaks. 

The identity of some of the enzymes in the peaks from Q- 
Sepharose could be inferred from substrate activities. Peak Ia 
displays activity towards SSA, 4-NBA and 9,10-PQ, and on this 
basis could contain a protein related to carbonyl reductase, as 
carbonyl reductase itself has been found to be absent from rat 
liver [44]. Aldehyde reductase is likely to contribute to the 
enzyme activity in peak H because it exhibits significant activity 
towards SSA and 4-NBA. Also, the absence of NADH-dependent 
reductase activity in this peak (results not shown) is consistent 
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Figure 3  Tissue-specific expression of rAFAR1 and the 37 kDa-AFAR in the rat 


Extracts from approx. 100 mg of fresh frozen tissue were prepared as described previously. Portions (20 #9 of protein) of 12 000 g supernatants from tissues of Sprague-Dawley rats were subjected 
to SDS/PAGE using a Bio-Rad Protean 1! xi Cell to ensure complete resolution of the 37 and 38 kDa immunoreactive polypeptides. As a marker for rAFAR1, a 0.02 40 portion of the purified protein 
was aiso applied. The identity of the organs analysed is shown, and the Western blot was probed with anti-hAFART serum. 
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Figure 4 Resoletion of AKR from rat liver by anlon-exchange chro- 
matography 


Rat liver cytosol (approx. 9 g of protein) that had been dialysed against 10 mM Tns/HCI buffer, 
pH 82 (buffer By, containing 1 mM DTT, was applied to a 26 cm x 72 cm column of Q- 
Sepharose equilibrated with the same buffer The Q-Sepharose column was eluted at 32 mi/h 
and fractions (8 m! each) were collected. The anlon-exchanger was developed with a linear 
0-250 mM NaCl gradient formed in buffer B containing 1 mM DTT that was applied to the 
column between fractions 35 and 185. Lastly, highly anionic proteins were recovered by elution 
with 1 M NaCl in buffer B containing 1 mM DTT. Reductase activity in column eluate towards 
SSA (@), 4-NBA (CI) and 910-PQ (A) with NADPH was measured, and ts shown in (A) 
AKR activity towards 2-CBA with ather NADPH (Bl) or NADH (O) was measured (B) Note 
that peak IV, as described by Ellis et al [28], was not recovered in this chromatography step. 


with this assumption. The elution position and preferential 
activity of peak III towards SSA and 9,10-PQ suggests it contains 
rAFARI. Peak V possesses significant activity with 9,10-PQ and 


could therefore contain either a hydroxysteroid dehydrogenase 
or NQOI, or both. 

The proteins eluted within the peaks of enzyme activity from 
Q-Sepharose were probed with antibodies to allow identification 
of the reductases present. Antibodies against AKRIA3, 
AKRIB4, AKRIC9, AKRID2 and rat NQOI cross-reacted 
with proteins in peaks Ia, II, III, and VI (Table 1). Each peak 
containing reductase activity towards 2-CBA was probed with 
antisera against rAFAR1 and hAFARI. The two minor peaks, 
CBAI and CBA2, did not contain any protein species that could 
be detected by these antisera. Western blotting using anti- 
rAFARI serum showed that, in addition to cross-reacting with 
a 38kDa polypeptide in CBA3, the same protein was also 
detectable in large amounts in CBA4, and in lesser amounts in 
CBAS. As expected, Western blotting of column fractions with 
anti-hAFAR]I serum identified two polypeptides of 37 and 
38 kDa. The distribution of the cross-reacting 38 kDa poly- 
peptide among the column fractions was identical with that 
observed with the rAFARI1 antibodies (Table 1). By contrast 
with the 38 kDa protein, the cross-reacting 37 kDa polypeptide 
appeared to be more tightly bound by the anion-exchange 
column. Relatively small amounts of this polypeptide were 
observed in CBA3. Quantitatively, the major fraction of the 
immunoreactive 37 kDa protein recovered was found to be 
eluted equally between CBA4, CBAS and CBA6. Thus Q- 
Sepharose showed that the 37 and 38 kDa polypeptides in rat 
liver that cross-react with anti-hAFARI serum are chromato- 
graphically separate, and that both exhibit activity towards 2- 
CBA. 


Purification of 37 kDa-AFAR 


Following Q-Sepharose fractionation, the peaks of reductase 
activity towards 2-CBA were combined as indicated in Figure 
4(b) and dialysed against 10 mM sodium phosphate buffer, pH 
8.0, containing 1 mM DTT. Each peak was loaded on to an 
identical Matrex Orange A column that was developed using a 
standardized procedure with a linear 0-1.5 M NaCl gradient. 
Succinic semialdehyde and 2-CBÀ were used to detect rAFAR1 
and 37 kDa-AFAR. The CBA3 pool was resolved by Matrex 


Tabla 1 Immunochemical properties of AKR chromatographic peaks obtained from Q-Sepharose 
Western blotting was carried out on the fractions eluted from the Q-Sepharose anior-exchanger shown in Figure 4 as described in the text 


AKRICS" 


Cross-reactivity with antibodies against 

Column 
fraction Peak AKR1A3 AKR1B4 

50 la — — 

57 Ib — — 

89 Ic/CBA2 — — 
101 ii ++ + -— 
113 III/CBA3 ++ +++ 
129 V/CBA4 — ++ 
133 CBA4 — — 
150 CBA5 — — 
169 CBAS — — 
187 Vi — — 


AKR1D2 rAFART hAFART + Naot 
++ - - - - 
- - Td + - 
+++ - +++ + +++ 
+++ + +++ +++ - 
++ +++ + +++ - 
- - - +++ - 
mE == — + — 


* The protein in peak la which cross-reacted with ant-AKR1C9 serum was 31 kDa, whereas the cross-reacting protein in fractions 129—150 was 37 kDa, as the immunogen is 37 kDa, the polypeptide 
in peak la that cross-reacts with the antibody Is not AKR1C9, but ts a structurally distinct protein 
1 Anti-hAFAR1 serum cross-reacted with a 37 and a 38 kDa polypeptide the 37 kDa protein was detected in frachons 133—187; the 38 kDa protem was detected in fractions 113—150. 
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Figure b Fractionation of major hepatic anionie 2-CBA reductases hy 
Matrex Orange A 


Tha 2-CBA reductases in rat Iiver cytosol were resolved by anion-exchange chromatography The 
four major forms (CBA3~CBAS) were isolated as shown in Figure 4 and dialysed agalnst 
10 mM sodium phosphate buffer, pH 80 (buffer C), containing 1 mM DTT Each peak was 
diluted to 120 ml volume before being applied to 1 6 cm x 1.4 cm columns of Matrex Oranga 
A The columns were eluted at 30 ml/h and developed with 400 mi linear 0-15 M NaCl 
gradients in bufler C containing 1 mM DTT The salt gradients were initiated at fraction 32, and 
the frachon volume was 6 ml The absorbance of the eluate at 280 nm (©), and AKR activity 
towards 2-CBA (Ii) and SSA (@) with NADPH as cofactor was exarnined The elution profiles 
of CBAS, CBA4, CBA5 and CBAG are shown in (a), (b), (c) and (d) respectrvely 


Orange A into two peaks of reductase activity with SSA as 
substrate (Figure 5a). The first SSA reductase peak to be eluted 
from this column lacked reductase activity towards 2-CBA and 
is therefore assumed to represent AKR1A3 or AKRIBA. The 


second peak to be eluted exhibited activity towards 2-CBA and 
was therefore considered to be rAFAR1, a conclusion supported 
by Western-blotting data (results not shown). Furthermore, this 
second peak exhibited approx. 6-fold higher 2-CBÀ reductase 
activity with NADH as cofactor than with NADPH (for sım- 
plicity, only 2-CBA activity with NADPH is shown in Figure 
5). The CBA4, CBAS5 and CBA6 pools from Q-Sepharose were 
each eluted from Matrex Orange A as essentially a single peak of 
reductase activity towards SSA and 2-CBA (Figures 5b-5d). 
Furthermore, it was also noted that the CBA5 and CBA6 
reductases did not bind the Matrex Orange A adsorption gel as 
tightly as did rAFAR1 (CBA3). 

Each enzyme-containing peak eluted from Matrex Orange A 
was subjected to SDS/PAGE. This revealed that the CBA3 
preparation was homogeneous and the single polypeptide co- 
migrated with the bacterially expressed rAFARI protein of 
38 kDa molecular mass. By contrast, the reductase-containing 
fractions from CBA4, CBA5 and CBA6 contained multiple 
protein bands. 

Further purification of CBA4, CBAS and CBA6 was performed 
on the ADP-analogue matrix Cibacron Blue, using pre-packed 
HiTrap Blue columns. Fractions from Matrex Orange A were 
combined as shown in Figure 5, and each pool was applied 
directly to a HiTrap Blue column. The AKR protein in these 
preparations bound tightly to the Cibacron Blue matrix with 
insignificant quantities of the reductase activity being eluted in 
the flow-through fractions. Displacement of active protein from 
Cibacron Blue was achieved using a 1 mg/ml solution of NADPH 
in buffer B. The material eluted from the HiTrap Blue columns 
with reductase activity was examined by SDS/PAGE. This 
showed that the CBA4 preparation still contained significant 
amounts of a contaminating 58 kDa protein. However, both 
CBAS and CBA6 were found to be comparatively pure, and 
both contained a 37 kDa protein which was demonstrated to 
cross-react with anti-hAFAR] serum (results not shown). 
Densitometric scanning indicated that CBAS5 was about 92% 
pure, and Western blotting suggested that the major contaminant 
was rAFARI. Although CBA6 was estimated to be 98 % pure, 
close examination of the electrophoresis gel indicated the presence 
of two partially resolved bands in the preparation. 

The purification scheme resulted in excellent recovery of 2- 
CBA reductase activity from rat liver. Typically, from roughly 
9 g of cytosolic protein, between 0.5 and 1.5 mg of purified 
protein was obtained in the final CBAS and CBA6 pools eluted 
from HiTrap Blue. The purification method is highly efficient 
and allowed a total recovery of about 15 % of the total reductase 
activity between CBA5 and CBA6, and a further 9% in CBA3. 
A summary of the purification is shown in Table 2. 

The specific activities of CBA5 and CBA6 towards AKR 
substrates were determined. Table 3 shows that under ‘standard ' 
assay conditions, CBAS5 exhibits activities similar to those of 
CBA6 towards 2-CBA and SSA. However, CBA5 possesses 
higher activity than CBA6 towards 4-NBA and 9,10-PQ. Fur- 
thermore, comparison of the activity of these preparations with 
that of rAFARI1 revealed significant differences in specificity 
under the conditions used. For example, rAFARI exhibited 
greater activity for both 4-NBA and 9,10-PQ than either CBA5 
or CBA6. This survey also revealed that, under the assay 
conditions used, rAFAR1 uniquely possesses about 7-fold greater 
activity towards 2-CBA with NADH as cofactor than with 
NADPH; by contrast, with SSA, 4-NBA and 9,10-PQ as 
substrates, rAFAR]1 shows a preference for NADPH as cofactor. 
Neither CBAS nor CBA6 displayed higher activity towards 2- 
CBA with NADH as cofactor than with NADPH as cofactor 
(Table 3). 


© 2000 Biochemical Sacrety 


396 V. P. Kelly and others 





Table 2  Purffication of 2-carboxybenzaldehyde reductases from rat Hver 
Reductase activity was monitored using 2-CBA and NADPH at 25 °C, and protein concentration was measured by the method of Bradford [40]. 








Specific activity 

Fraction Volume (mi) Total Protein (mg) Tota! actiaty (nmol/min) (nmoUmin per mg) Yield (€) Purification (fold) 
Cytosol 210 9240 34400 37 100 1 
CBA3 (-Sepharose 92 1060 5340 5 15 1.4 
CBA3 Matrex Orange 81 8 3110 390 9 105 
CBA4 0-Sepharose 102 350 3640 10.5 11 2.8 
CBA4 Matrex Orange 86 9 1270 141 4 38 
CBA4 HiTrap Blue 10 03 710 2370 2 640 
CBA5 Q-Sepharose 119 285 5300 186 15 5 
CBAS Matrex Orange 94 14 3980 285 12 Tl 
CBA5 HiTrap Blue 10 12 3690 3075 11 830 
CBA6 Q-Sepharose 128 224 4550 20 13 54 
CBAS Matrax Orange 92 10.1 2820 280 8 78 
CBAG HiTrap Blue 10 05 1850 3700 5 1000 





Table 3 Specific activities of the AFAR preparations from rat liver 
The enzyme assays were performed in triplicate at 25 °C Activities towards the aldehyde-contalning substrates were measured at a concentration of 1 mmol/l, and activity towards 9,10-PQ was 


determined at 0 05 mmol/l 


Specific activity (nmol/min per mg of protein) 


Substrate ... 2-CBA 
Protein Cofactor NADH NADPH 
TAFARI 2980 +42 390 +: 25 
CBA5 1840 -+ 20 3075 +40 
CBA6 1735 + 25 3700 + 50 


SSA 4-NBA 9,10-PQ 
NADPH NADPH NADPH 
345 + 20 1080 + 20 4520 + 70 
2245 + 20 890 3-15 3320 + 80 
2990 + 30 490 + 20 1790 + 70 





Demonstration that rAFAR1 and 37 kDa-AFAR are structurally 
distinet 


The two electrophoretically distinguishable rat polypeptides that 
cross-react with anti-hAFAR1-serum were resolved by reversed- 
phase HPLC on a Brownlee C,, column as described in the 
Materials and methods section. Using this method, the 37 kDa- 
AFAR protein was eluted from the Brownlee C,, column at 
67 min, whereas the 38 kDa rAFARLI was eluted at 70 min. This 
chromatographic approach was therefore adopted to remove 
traces of rAFARI from CBAS, and to purify CBAG further 
(Figure 6). The polypeptides eluted from the reversed-phase 
HPLC column were freeze-dried and their identity confirmed by 
Western blotting with antibodies against rAFARI and against 
hAFARI before further analysis 

Peptide fingerprinting by partial proteolysis was performed on 
the 37 kDa-AFAR polypeptide present in both CBA5 and CBA6 
to establish whether they might be identical. The fingerprints 
obtained were also compared directly with that generated from 
a digest of rAFAR1, performed in parallel (from CBA3), to help 
establish their relationship. Figure 7 shows SDS/PAGE of the 
partial proteolysis products obtained from these proteins 
following digestion with S. aureus V8 protease. Examination of 
the gel shows that the 37 kDa polypeptide from CBAS and the 
37 kDa polypeptide from CBA6 yield digestion products with 
essentially identical electrophoretic mobilities. The gel also 
demonstrates that these digestion products are distinct from 
those obtained from rAFAR1. In particular, major proteolysis 
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products of 21 kDa, 12 kDa and 10 kDa were recovered from the 
CBAS and CBA6 protein that were not observed in digests of 
rAFARI. 


Evidence to support the designation of 37 kDa-AFAR as rAFAR2 


The 37 kDa-AFAR obtained by reversed-phase HPLC of CBA6 
was subjected to amino acid sequencing to establish its re- 
lationship with rAFARI. Attempts to obtain sequence data by 
subjecting the 37 kDa AFAR directly to Edman degradation 
were unsuccessful, suggesting that the protein has a blocked N- 
terminus. However, following CNBr digestion of 37 kDa-AFAR 
by the *in-gel' protocol described in the Materials and methods 
section, four peptide fragments were recovered. The smallest of 
these was about 14 kDa. Automated Edman degradation of this 
fragment yielded the sequence: 


YNATTRQVETELLPCL 


which aligned with amino acids 168 and 183 of TAFAR1 (Figure 
8). Although the amino acid sequence from 37 kDa-AFAR is 
closely similar to that of rAFARI, differences occur at positions 
equivalent to Ile!?! and Phe!*? of rAFAR1; at these positions the 
37 kDa-AFAR protein contains threonine and leucine. These 
data indicate 37 kDa-AFAR has a primary structure that is 
distinct from that of rAFARI1. The 37 kDa protein is therefore 
designated rAFAR2. 
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Figure 6 SDS/PAGE analysis of AFAR proteins resolved by reversed-phase 
HPLC 


The CBA4, CBAS and CBA6 pools of 2-CBA reductase activity were prepared by sequential 
chromatography on Q-Sepharose, Matrex Orange A and Hifrap Blue. Portions (100 Ag of 
protein) of material from the HiTrap Blue column were applied to a 4.6 mm x 250 mm Brownlee 
C.a column and proteins resolved by using a 35-70% acetonitrile gradient in aq. 0.1% 
trifiuoroacetic acid as described in the Materials and methods section. The protein-containing 
peaks were collected and tested for cross-reactivity towards anti-hAFAR1 serum. Those peaks 
which reacted with this antibody were analysed by SDS/PAGE. The gel was loaded as follows: 
1, molecular-mass standards; 2, 0.2 ug of recombinant rAFAR1; 3, Hilrap Blue-purified 
material from CBA4 (A), CBA5 (B) and CBA6 (C) respectively; 4, material from CBA4, CBAS 
and CBAG that was eluted at 67 min from the reversed-phase HPLC column; 5, material from 
CBA4, CBAS and CBA6 that was eluted at 70 min from the reversed-phase HPLC column. 
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Figure 7 Peptide maps of 37 kDa-AFAR and rAFAR1 proteins 


Cleavage of the 37 kDa-AFAR and rAFAR with S. aureus V8 protease was performed ‘in-gel ` 
as described in the text. The peptide products were examined by SDS/PAGE. The polyacrylamide 
gel was loaded as follows: 1, molecular-mass standards; 2. 2 ig rAFART (from CBA3); 3, 2 HG 
of 37 kDa-AFAR from CBA5; 2 ug of 37 kDa-AFAR from CBAB. 


rAFAR2 (M) YNATTRQVETELLPCL 

rAFARI M YNAITRQVETELFPCL-183 
hAFARI M YNATTRQVETELFPCL-186 
hAFAR2 M YNAITRQVETELFPCL-187 
AKRIA3 E CHPYLAQNELIAHCQA-202 
AKRIB4 E CHPYLTQEKLIEYCHC-202 
AKRIC9 E CHLYLNQSKMLDYCKS-208 
AKRID2 E CHPYFTQTKLLEVSAS-210 


Figure 8 Sequence alignment of CNBr peptide from rAFAR2 with other 
AKRs 


The alignments are based on the work of Jez et al. [1.2]. The residues in rAFAR2 that differ 
from those in fAFAR1 are underlined. Sequences of hAFAR1 and hAFAR2 are from [22] and 321. 


DISCUSSION 
Identification of AFAR proteins 


The present study describes the purification of a hitherto 
unidentified member of the AKR7 family. The novel protein is 
designated rAFAR2, denoting the fact that it is the second 
AFAR protein to be identified in the rat. Thus the inducible 
rat AFAR protein described in earlier studies is now referred to 
as rAFARI. The rAFARI isoenzyme has also been called 
AKR7AI [1], but in the present paper we have chosen to retain 
our rAFAR nomenclature since the ^r^ (rat) and "h^ (human) 
prefixes help to avoid confusion about the source of the 
immunogen used to raise antibodies. 

The detection of rAFAR2 has been greatly facilitated by the 
use of an antibody that was raised against recombinant hAFAR ! 
and which cross-reacts with the rat protein. Fortunately, 
rAFAR2 possesses a faster mobility during SDS/PAGE 
than rAFARI, and hence Western blotting using the appropriate 
antiserum can readily identify the ‘new isoenzyme. In addition, 
the task of monitoring the eluate of columns used to purify 
rAFAR2 was made easier by employing the substrate 2-CBA. 

The aromatic aldehyde 2-CBA was originally chosen for study 
as a possible AFAR substrate by Ireland et al. [22] while 
searching for compounds with similar properties to the 
dialdehydic form of AFB,-8,9-dihydrodiol. As a substrate, 2- 
CBA has certain of the chemical features favoured by members 
of the AFAR family, including an aromatic ring structure and a 
negatively charged group removed four carbon atoms from the 
carbonyl group that is catalytically reduced. The method 
employed to measure 2-CBA reductase activity is convenient for 
monitoring column eluate as it is a spectrophotometric assay and 
is thus easier to perform than the HPLC-based assay used to 
determine AFAR activity [13,45]. Recent examination of human 
AKRs suggests 2-CBA is not utilised as a substrate by AKR! 
members [23]. It is therefore possible that this aldehyde will 
prove to be a useful reagent in the discovery of additional AFAR 
isoenzymes. 


Catalytic properties of the two rat AFAR proteins 


Whereas rAFAR2 utilizes some of the same substrates as 


if 
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rAFARI, catalytic differences appear to exist between the two 
reductases. The two principal rAFAR2-containing preparations 
(CBAS and CBA6) both seem to possess significantly higher SSA 
reductase activity than rAFAR1. The specific activity of rAFARI 
towards SSA recovered in the present study (Table 3) is lower 
than that we have observed previously, presumably because of 
differences in the method of punfication employed. However, 
this does not alter the conclusion that rAFAR2 is probably more 
active than rAFARI towards this physiological carbonyl. Pre- 
liminary data indicate that rAFAR2 has a significantly lower K,, 
for SSA than rAFAR!1 (V. P. Kelly and J. D. Hayes, unpublished 
work), but further work ıs required to determine precisely the 
kinetic properties of rAFAR2 towards SSA and cofactor. With- 
out knowledge of K, and Vaw comments about catalytic 
differences between the two AFAR isoenzymes should be treated 
with caution, because it is likely that the ‘standard’ assay 
conditions adopted in the present study do not saturate rAFARI 
and rAFAR2 to an equal extent. Unfortunately, because of 
paucity of material, this task will be laborious until methods are 
established for large-scale purification of rAFAR2. 

An interesting cofactor-specific difference between the activities 
of the two AFAR proteins towards 2-CBA was apparent 
throughout the purification (see Figure 4). With NADH as 
cofactor, rAFARI displayed an approx. 7-fold higher specific 
activity under ‘standard ' assay conditions than with NADPH as 
cofactor. By contrast, rAFAR2 exhibited lower activity towards 
2-CBA with NADH as cofactor than with NADPH. The high 
activity of rAFARI towards 2-CBA with NADH is surprising 
given that previous work [21] has shown that this reductase has 
a markedly lower K, for NADPH than for NADH, at least with 
4-NBA as substrate. The possibility that rAFARI1-catalysed 
reduction of 2-CBA with NADPH as cofactor is subject to 
product inhibition, whereas rAFAR2 is not inhibited, requires 
evaluation. Further investigation 1s required to clarify the basis 
for the catalytic differences between the two rat AFARs. 


Biological function of rAFAR2 


The rAFARI and rAFAR2 proteins differ markedly in their 
distribution in rat tissues (see Figure 3). The expression of 
rAFARLT is restricted to liver, kidney, testis and pancreas, and is 
highly inducible in the liver by metabolizable synthetic anti- 
oxidants such as ethoxyquin. With the possible exception 
of expression of the reductase in the pancreas, this pattern of 
regulation is consistent with rAFARI playing a role in detoxi- 
fication. By contrast, rAFAR2 is more widely distributed than 
rAFAR1, and is not obviously induced by ethoxyquin. The fact 
that rAFAR2 is present in pancreas, brain, adrenal gland, heart, 
stomach and skeletal muscle, organs which are not particularly 
associated with drug metabolism, suggests that this member of 
the AK R7 family performs a constitutive ‘house-keeping’ role. 
It is noteworthy that rAFAR2 has a tissue distribution that is 
similar to that of hAFARI [22,23]. 

The work of Ireland et al. [22] identified SSA, a metabolite of 
the major inhibitory neurotransmitter y-aminobutyric acid 
(GABA), as a likely in vivo substrate of the hAFARI protein. 
Support for this suggestion has been more recently obtained by 
finding that purification and cloning of the major SSA reductase 
from human brain resulted in isolation of hAFAR1 [46]. In the 
present study it has been found that rAFAR2 also exhibits SSA 
reductase activity Thus it seems likely that a major biological 
function for many of the AKR7 family members is that of 
synthesis of y-hydroxybutyric acid (GHB). 

SSA produced catalytically from GABA by a transaminase 
may be catabolized by SSA dehydrogenase to succinic acid [47]. 
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However, SSA can also be converted into GHB by SSA 
reductase. In many rat tissues this step could be catalysed by 
rAFAR2. Rather than being an unwanted metabolite, GHB 
has important physiological properties. At low concentrations, 
GHB modulates dopamine (3,4-dihydroxyphenethylamine) syn- 
thesis and release, whereas at high concentrations it binds to 
GABA,, receptors and causes a reversal of the effects produced 
at low concentrations [48,49]. It has also been proposed that 
GHB helps protect cells against death during periods of anoxia 
and during periods of excessive metabolic demand [50] Thus the 
AFAR proteins may contribute to cell survival during physio- 
logical stress. 


Multiple forms of rAFAR2 


The chromatographic profiles obtained during purification of 
rAFAR2 suggested that the enzyme exists in several different 
forms. In particular, Q-Sepharose chromatography yielded three 
peaks of 2-CBA reductase activity which cross-reacted with 
hAFARI antibodies; these were called CBA4, CBA5 and CBA6 
according to their order of elution. Lack of material prevented 
CBA4 from being characterized and, although the most highly 
purified preparation contained substantial amounts of a 37 kDa 
polypeptide that cross-reacted with ant-hAFARI serum, the 
relationship between CBA4 and CBAS and between CBA4 and 
CBA6 has not been rigorously established. The 37 kDa-AFAR 
polypeptides in CBAS and CBA6 have, however, been purified to 
homogeneity, and peptide mapping indicated that they represent 
closely similar, if not identical, proteins. The reason for resolution 
of the protein into several chromatographic peaks 1s uncertain, 
but it is an important issue, because the CBA5 and CBA6 
preparations displayed different activities for SSA and other 
substrates. It appears unlikely that oxidation is responsible for 
the generation of three peaks, since all the buffers employed 
for protein purification contained DTT. It is probable that 
rAFAR2 is modified post-synthetically, possibly by phosphoryl- 
ation, glycosylation, glutathiolation or proteolysis. Close 
examination of SDS/PAGE analysis of CBA6 indicated that, in 
addition to the major 37 kDa polypeptide, a 36.8 kDa band 
could also be discerned. Although ıt seems highly likely that a 
product-precursor relationship exists between the polypeptides 
of apparent 36.8 and 37 kDa molecular mass, this heterogeneity 
does not provide an explanation of why the 37 kDa-AFAR 
subunit ıs recovered in both CBAS5 and CBA6. 

In view of the fact that AFAR proteins are more closely 
related to the tetrameric voltage-gated K*-channel f-subunits 
than to the monomeric AK R1 enzymes, the possibility has been 
considered that rAFAR2 may be capable of self-associating. 
This hypothesis has been tested by subjecting CBA4, CBAS and 
CBA6 preparations (post Q-Sepharose fractions shown in Figure 
4b) to gel-filtration chromatography on Sephadex G-150. Fol- 
lowing calibration of the column with f-amylase, alcohol de- 
hydrogenase, BSA, carbonic anhydrase and cytochrome c, it was 
found that CBA4, CBAS and CBA6 were eluted from Sephadex 
G-150 with apparent native molecular masses of 59, 70 and 
65 kDa (results not shown). Since the estimated molecular masses 
of the reductase in these preparations determined by gel-filtration 
chromatography greatly exceeds that determined by SDS/PAGE, 
it appears likely that rAFAR2 is engaged in some type of 
protein-protein interaction. Dimerization of rAFAR2 would be 
expected to yield a complex of 74kDa. This value slightly 
exceeds that estimated by chromatography. It is therefore con- 
cluded that rAFAR2 may exist as a homodimer, but that the size 
of the complex is underestimated, either because the association 
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between the subunits is reversible, or because the dimer has a 
propensity to interact with the column matrix. 

At this stage it is unclear why rAFAR2 should exist as a 
dimeric protein in the cell. If the sole purpose of rAFAR2 is to 
act as an enzyme, it would not be required to exist as a dimer, 
since the AKR1 members are both monomeric and catalytically 
active. It is therefore possible that rAFAR2 serves an additional 
role besides that of reducing carbonyls. It may dimerize in order 
to regulate enzyme activity or intracellular localization. Our gel- 
filtration-chromatography experiments indicate that, in its native 
state, rAFAR2 does not exist as a single subunit, but that it 1s 
able to form complexes either with itself or with another protein. 
It requires to be established whether rAFAR2 can dimerize with 
rAFARI. 


Concluding comments 


This paper reports the identification of a hitherto unrecognized 
AFAR isoenzyme in the rat, and its purification from rat liver 
cytosol. The first member of the AFAR family to be described 
was discovered because of its marked inducibility by ethoxyquin 
and unique catalytic activity towards aflatoxin B,. The rAFAR2 
protein is notable because of its broad distribution in rat tissues. 
Rather than contributing to detoxification of xenobiotics, the 
“new ' protein may play an important in vivo role in the synthesis 
of GHB in neural and penpheral tissues. The rAFAR2 protein 
appears to be able to form dimers. Its further molecular 
characterization will expand our knowledge of the physiological 
roles played by the AKR7 proteins in general. 
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The mechanisms of the response of ornithine decarboxylase 
(ODC), the rate-limiting enzyme 1n polyamine biosynthesis, to 
amino acid supplementation were studied in the human colon 
adenocarcinoma cell line, Caco-2. Supplementation of serum- 
deprived, subconfluent Caco-2 cells with any one of a series of 
amino acids (10 mM) resulted in increased ODC activity, 
reaching a maximum of approx. 12.5-fold after approx. 4 h, over 
control cells either not supplemented or supplemented with iso- 
osmolar p-mannitol. Glycine, L-asparagine and L-serine, as well 
as their D-enantiomers, were the strongest effectors and acted in 
a concentration-dependent manner; millimolar concentrations 
of most of these amino acids being sufficient to significantly 
increase ODC activity. In contrast, supplementation with 
p-methionine, L-lysine, L-aspartate or L-glutamate had little or 
no effect on ODC activity, whereas supplemental L-methionine, 
L-arginine, L-ornithine or L-cysteine was inhibitory. Polyamine 
assays showed that the putrescine content of cells vaned in 
accordance with the changes in ODC activity. Western-blot and 


Northern-blot analyses revealed specifically increased levels of 
ODC protein but not mRNA, respectively, in response to 
supplementation with an ODC-inducing amino acid. Suppression 
of the increase in cycloheximide-treated cells confirmed a re- 
quirement for protein synthesis. Pulse-labelling of cells with 
[^S]methionine showed a 3-fold increase in the synthesis of ODC 
protein after 4h of supplementation with glycine or L-serine. 
Supplemental glycine also augmented, reversibly, the half-life of 
ODC by almost 4-fold and simultaneously decreased the activity 
of putrescine-induced free antizyme. These results suggest that 
translational, but not transcriptional, regulation of ODC takes 
part in ODC induction by amino acids in Caco-2 cells. However, 
it also appears to occur in concert with decreased enzyme 
inactivation and/or degradation. 


Key words. glycine, polyamine biosynthesis, nutrient, ODC, 
post-translational regulation. 





INTRODUCTION 


Therapeutic enteral supplementation with conditionally essential 
amino acids has proven to be beneficial to 1ntestinal recovery 
after impairment of epithelial renewal during gut injuries or 
disease [1]. Mammalian cell growth and tissue regeneration, in 
particular in the rapidly renewing intestinal epithelium, is highly 
dependent on the polyamines, putrescine, spermidine and sperm- 
ine [2]. Moreover, the nutritional state of the organism is clearly 
an important factor in polyamine biosynthesis [3,4] and transport 
[5]. Whole-animal studies have reported that ornithine 
decarboxylase (ODC, EC 4.1.1.17), the first and rate-limiting 
enzyme in polyamine biosynthesis, is subject to regulation by 
food [6,7]. Attempts have been made to discriminate the com- 
ponents of food and/or the factors brought into play by eating 
that may be responsible for ODC activation. Dietary amines [7], 
hormones [6], proteins [3,8,9], amino acids [10—12] and sugars [8] 
have been reported to stimulate intestinal, renal or hepatic ODC 
in vivo. 

Regarding stimulation by amino acids, strong differences were 
observed between tissues, e.g. the liver and the small intestine, in 
the animal [11]. Moreover, intraperitoneal 1njection of glycine 


could stimulate hepatic ODC, but not intestinal ODC, despite 
similar tissue accumulation of the amino acid. Since glycine was 
among the strongest inducers of ODC ın the rat small intestine 
when administered intragastrically, ıt was proposed that amino 
acids must act on the apical surface of enterocytes to trigger 
ODC induction. Stimulation of the membrane Nat /H* exchanger 
was found to be required for induction by L-asparagine and 
L-glutamine [13,14], and studies in cultured cell lines suggested 
that ODC induction by amino acids, as well as sugars, may be 
dependent on the coupled influx of Na* and organic solute 
[15-17]. However, intragastric administration of passively 
diffusing p-alanine or p-serine could also induce rat intestinal 
ODC [11,12,18], while actively transported amino acids such as 
L-phenylalanine, L-glutamate and a-amino isobutyric acid (a- 
AIB) [19] could not induce ODC in porcine jejunal epithelial cells 
[14]. These results, and reports of no increase in volume of rat 
intestinal crypt IEC-6 cells after supplementation with Na*- 
coupled co-transported L-asparagine, [20,21] indicate that cell 
swelling may not be a prerequisite for ODC induction. 
Marked discrepancies also exist between the reports on the 
respective role of the multiple regulatory steps that may control 
ODC activity in response to amino acid supplementation. From 


Abbreviations used. a-AIB, a-amino isobutyric acid, DMEM, Dulbecco's modified Eagle's medium; elF, eukaryotic initiation factor; FCS, fetal calf 
serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, neAA, non-essential amino acids, ODC, ornithine decarboxylase 
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in vivo studies in the rat, it was concluded that the translation 
efficiency of intestinal ODC mRNA was predominantly increased 
after intragastric ingestion of L-serine or L-alanine, since neither 
the ODC mRNA level nor its protein stability were found to vary 
significantly [12]. On the other hand, each p-stereoisomer of 
these amino acids was able to substantially augment the ODC 
mRNA level, however, by an unknown mechanism supposedly 
associated with cell stress, possibly induced by p-amino acid 
toxicity. Among numerous L-amino acids able to induce ODC 
activity in cultured cells, L-asparagine 1s the one that appears to 
display the most ubiquitous and potent effect. For that reason 
and since it is important in certain cancers [22], L-asparagine has 
been chosen as the test amino acid in most in vitro studies. 
Translational and post-translational regulation of ODC by L- 
asparagine was evidenced in rat primary cultured hepatocytes 
[23], as well as in the mouse neuroblastoma DF-40 cell line [24]. 
However, only the latter study demonstrated substantial post- 
transcriptional stabilization of ODC mRNA. Although increased 
amounts of ODC transcripts ın response to L-asparagine were 
reported to be associated with transformation of mammalian 
cells [25], a similar regulation was also observed in normal, 
undifferentiated, rat intestinal crypt IEC-6 cells [20,21]. However, 
it was recently found that, when exposing IEC-6 cells to a 
salt/glucose solution, supplemented with L-asparagine, ODC 
activity increased through post-translational mechanism(s) with- 
out change at the protein level [26]. 

As a step towards the clarification of the molecular mechanisms 
of ODC regulation by amino acids, we re-address this issue in 
human colon adenocarcinoma Caco-2 cells, which are known to 
have the ability to differentiate as enterocyte-like cells. The 
present study demonstrates that, in these cells, ODC activity 
increases following supplementation with any one of a variety of 
amino acids, glycine being the most effective amino acid, as 
observed previously in vivo in rat small intestine [11,12]. Amino 
acid supplementation in Caco-2 cells led specifically to increased 
amounts of ODC protein, but not mRNA, owing to higher 
biosynthesis efficiency and increased half-life of ODC. Transient 
variations in the enzyme stability were concurrent with opposite 
changes in the activity of antizyme, a polyamine-inducible protein 
able to bind and inactivate ODC, as well as enhancing its ATP- 
dependent degradation by the 26S proteasome [27]. Our data 
point out that Caco-2 cells constitute a valuable model for future 
studies on the signals triggered by amino acids to cause induction 
of ODC synthesis, on the one hand, and antizyme decay, on the 
other hand. 


MATERIALS AND METHODS 
Materials 


D,L-[1-“C]Ornithine (43.8 mCi/mmol) was purchased from Du 
Pont New England Nuclear (Boston, MA, U.S.A ). *S-labelled 
L-methionine (587 Ci/mmol) and [a-?*P]dCTP (3000 Ci/mmol) 
were obtained from Amersham Pharmacia Biotech (Orsay, 
France). Dulbecco’s modified Eagle's medium (DMEM), non- 
essential amino acids (neAA), antibiotics and fetal calf serum 
(FCS) were purchased from Gibco-BRL (Cergy-Pontoise, 
France). The amino acids used were of the highest purity grade 
available from Sigma and, in most cases, they were cell culture 
tested. The antiserum to mouse ODC was obtained from 
Eurodiagnostica (Lund, Sweden). The Caco-2 cell line (passages 
190-205) [28] and the human ODC cDNA were generously 
provided by Dr A. Zweibaum (INSERM U 178, Villejuif, France) 
and Dr O. A. Janne (Institute of Biomedicine, University of 
Helsinki, Finland), respectively. 
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Cell culture and treatment 


Cells were seeded at 12 x 10° cells/cm? and routinely grown at 
37 °C under a O,/CO, (19: 1) atmosphere, in DMEM containing 
25mM D-glucose and supplemented with 20% (v/v) heat- 
inactivated FCS, 1% (v/v) neAA, 100 units/ml penicillin and 
100 ug/ml streptomycin. The culture medium was changed 48 h 
after seeding, then every day. For the experiments 3-day-old 
cells were incubated without serum for 24 h prior to use. Then 
they were rinsed with PBS and exposed to serum-deprived 
DMEM either not supplemented (DMEM control) or supple- 
mented with a single amino acid or iso-osmolar D-mannitol 
(D-mannitol control. Medium osmolarities, measured by 
using an osmometer (Roebling, Berlin, Germany), averaged 
0.32 osmol/litre. 


ODC activity assay 


After rinsing twice with cold PBS cells were scraped with a cell 
lifter (Costar, Corning, NY, U.S.A.) and homogenized in buffer 
containing 125 mM Tris/HCl (pH 7.5)/200 uM pyridoxal-phos- 
phate. The cell suspensions were then centrifuged at 38000 g for 
20min and the resulting supernatants, supplemented with 
0.1 mM EDTA and 5 mM dithiothreitol, were stored at — 80 °C 
until use. ODC activity was determined as reported previously [5] 
by measuring the release of *CO, from p,r-[1-'*C]ornithine in 
the presence of 160 4M unlabelled L-ornithine and 200 uM 
pyridoxal-phosphate. One unit of ODC activity is defined as the 
amount releasing 1 nmol of CO, from r-ornithine/h at 37 °C. 


RNA isolation and Northern-blot analysis 


Total cellular RNA was isolated according to the procedure of 
Chomezynski and Sacchi [29], and Northern-blots were per- 
formed as described by Sambrook et al. [30]. RNA was cross- 
linked to the membrane (Hybond N*, Amersham Pharmacia 
Biotech) by UV irradiation. The blot was then prehybridized for 
2 hat 42 °C in 50% (v/v) formamide/6 x SSC (where 1 x SSC is 
0.015 M sodium citrate/0.15 M NaCl)/5 x Denhardt's reagent 
(where 1 x Denhardt's reagent is 0.02 % Ficoll 400/0.02 95 poly- 
vinylpyrrolidone/0.02 9 BSA)/0.5% SDS. Gel-purified EcoRI/ 
Clal fragments (1150 bp) of ODC cDNA were labelled by random 
priming with [a-**P]dCTP using dCTP-devoid, ready-To-Go® 
DNA labelling beads (Amersham Pharmacia Biotech) and used 
as ODC probes. Hybndization was carried out overnight at 
42°C. The blots were washed at 42°C for 15 min twice in 
2 x SSC/0.1 % SDS, then once in 0.5 x SSC/0.1 % SDS and once 
in 0.1xSSC/0.1% SDS. Labelled bands were visualized and 
quantified using a STORM Phosphorlmager (Molecular Dy- 
namics, Sunnyvale, CA, U.S.A.) and the IMAGEQUANT 
software. Each blot was re-hybridized with a glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) cDNA probe in order to 
take into account variations in the amount of RNA in different 
samples or loading errors. 


Analyses of ODC protein 


Cell extracts were prepared in 125 mM Tris/HCl (pH 7.5)/ 
200 aM pyridoxal-phosphate buffer supplemented with 1 % (v/v) 
Triton X-100, before centrifugation at 12000 g for 10 min [31]. 
Proteins (80 ug) from the supernatant were separated by SDS/ 
PAGE on a 10% (w/v) polyacrylamide gel and electro- 
phoretically transferred on to a nitrocellulose membrane in 
48 mM Tris/39 mM glycine/20% (v/v) methanol. First, the 
membranes were blocked for 1 h at room temperature with 5% 
(w/v) non-fat dry milk in PBS/0.1% Triton X-100 prior to a 
further 3h incubation with the anti-ODC antibody at 1:500 
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dilution. Secondly, the membranes were washed three times with 
a blocking solution of 0.5% non-fat dry milk in PBS/0.5% 
Triton X-100 before a lh incubation with horseradish 
peroxidase-conjugated goat anti-(rabbit IgG) at 1:5000 dilution. 
After three washes, the immunocomplexes were revealed using 
the ECF Western-blotting kit (Amersham Pharmacia Biotech). 
Quantification was performed after scanning of the film using the 
STORM PhosphorImager and IMAGEQUANT software. 


ODC and total protein synthesis measurements 


Cells treated with 10 mM amuno acid for 3.5 h were washed with 
pre-warmed PBS, then exposed for 10 min to L-methionine- 
deprived DMEM, containing 10 mM glycine, before being pulse- 
labelled for 25 min with a supplement of L-[**S]methionine. This 
was followed by extraction of the cells and immunoprecipitation 
of the ODC protein, which was analysed by SDS/PAGE and 
autoradiography as described previously [31]. 

For measuring total protein synthesis, cells were exposed for 
3h to DMEM, containing 10 mM glycine, then for 1h to a 
similar medium depleted of uniabelled L-methionine and supple- 
mented with 5.8 wCi/mi of L-[*S}methionine. After removal of 
the radioactive medium the cells were processed as described in 
[32]. Results are given as L-{*S]methionine d.p.m. incorporated/ 
mg of cell protein per h. 


Free antizyme assay 


In order to determine the activity of free antizyme, 3-day-old 
subconfluent Caco-2 cells were deprived of serum for 24 h, while 
being supplemented during the last 12 h with or without 10 mM 
putrescine. They were subsequently exposed for various times to 
DMEM, containing 10 mM _ putrescine, that was either not 
supplemented (DMEM control) or supplemented with 10 mM of 
a single amino acid or D-mannitol (D-mannitol control). Treat- 
ments were stopped by rinsing the cells twice with PBS 
and homogenization in 125 mM Tris/HCl (pH 7.5)/200 uM 
pyridoxal-phosphate before storage at —80 °C until use. 

The activity of free antizyme was determined by measuring the 
loss of ODC activity attributed to antizyme addition [33]. Samples 
of antizyme-enriched homogenates obtained from amino acid- 
supplemented or control cells were mixed with a constant amount 
(approx. 70 units) of partially purified ODC. After 10 min on ice, 
the mixture was assayed for ODC activity as described above. 
One unit of antizyme is defined as the amount inhibiting one unit 
of ODC activity. Inhibition of ODC activity up to 75% has 
previously been shown to be linear with respect to the amount of 
antizyme added [34]. 


Miscellaneous methods 


For polyamine analysis cells were harvested in 0.2 M perchloric 
acid and the acid fraction containing the polyamines was stored 

— 20 °C before assays by the HPLC method described in [35]. 
Protein concentrations of cell extracts were measured by the 
bicinchoninic acid (‘BCA’) method [36]. When applicable, data 
were examined statistically by analysis of variance, with P « 0.05 
considered significant. 


RESULTS 
Induction of ODC activity by a single amino acid supplementation 


To determine the amino acid pattern of ODC induction in Caco- 
2 cells, serum-starved subconfluent cells were incubated for 4 hin 
DMEM either not supplemented or supplemented with 10 mM 
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Figure 1 Effect of .-amino acids and amino acid p-isomers on ODC activity 
In subconfiuent Caco-2 cells 


Three-day-old cells were exposed for 24 h to an FOS-deprived DMEM medium, then for 4 h to 
DMEM supplemented with 10 mM of any one of the indicated L- or o-arnino acids or p-mannitol 
(control) Data are expressed as the fold increase in ODC activity in amino acid-supplemented 
ceils relativo to control cells, and are means of af least three separate experiments, sach done 
in tnplicate. The dashed line (fold increase of 1) refers to the average control activity (approx 
0.5 nmol/h per mg protein) ““P < 0,001, **P < 0.01 and *P « 0.05 compared with control 
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Figure 2 Amino acid concentration dependence of ODC activity in 
subconfluent Caco-2 calls 


Three-day-old cells were exposed for 24 h to an FOS-deprived DMEM medium, then for 4 h to 
DMEM supplemented with increasing concentrations of glycine (@), u-serine (O) or c 
asparagine (A) Data are means -S D. of at least two separate experiments, each done in 
tnplicate Where not shown, S D were smaller than symbols As compared with o-mannitol- 
supplemented control cells (not illustrated), the Increases in ODC activity were significant 
(P < 0.05) throughout the kinetics except at 1 mM L-asparagine and -serine (PF = 008 and 
013, respectively) 


of any one of a series of amino acids or 10 mM p-mannitol, 
which was used as an osmolarity control. A number of these 
amino acids were able to increase ODC activity individually 
(Figure 1). Glycine was by far the most efficient amino acid, but 
substantial increase also resulted from supplementation with the 
stereoisomers of asparagine or serine, as well as with L-proline, 
L-threonine or the sulphonate, taurine. On the other hand, 
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Figure 3 Changes in ODC activity and protein amount following amino acid 
supplementation in subconfluent Caco-2 cells 


Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then for various 
times to DMEM supplemented with 10 mM of a single amino acid or p-mannitol (control). (A) 
Time-dependent variations in ODC activity in glycine- (@) or o-mannito!- (4) supplemented 
cells, Data are means + S.D. of at least two separate experiments, each done in triplicate. (B) 
Western-biot analysis of the time course for the changes in ODC protein after glycine 
supplementation. (C) Western-blot analysis of the changes in ODC protein after 4h 
of supplementation with 10 mM o-mannitol (control) or one of the indicated amino acids. In 
(B) and (C) three experiments were performed that showed similar results. 


D-methionine, the dibasic amino acid, L-lysine, and the acidic 
amino acids, L-aspartate and L-glutamate, had little or no effect 
on ODC activity, while the polyamine precursors, L-methionine, 
L-arginine and L-ornithine, as well as the free thiol-containing 
amino acid cysteine, were inhibitory. Globally similar obser- 
vations were seen in differentiated, 18-day-old Caco-2 cells 
(results not shown). The increase in ODC activity was dependent 
on the concentration of supplemental L-asparagine, L-serine or 
glycine (Figure 2). At 1 mM of any one of these amino acids, 
ODC activity was increased by more than 1.3-fold relative to the 
corresponding control. The increase reached its maximum level 
with 7.5 mM glycine and apparently with higher concentrations 
of L-serine or L-asparagine. 

The observation that glycine is the most potent stimulator of 
ODC activity in Caco-2 cells is in good agreement with previous 
in vivo observations in rat intestinal ODC [11]. Glycine was 
therefore chosen as a model inducer in our study of the 
mechanism of ODC induction by amino acids. Throughout 
the study, glycine was compared with other ODC-inducing 
amino acids where appropriate. 
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Figure 4 Effect of amino acid supplementation on ODC mRNA amount in 
subconfluent Caco-2 cells 


Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then: (A) for 
4 h to fresh medium with 10 mM of either o-mannitol, glycine, -asparagine or i-serine, or 
without any addition (DMEM); (B) for various limes to DMEM supplemented with 10 mM 
glycine. The data illustrate Northern-blot analysis of ODC mRNA and GAPDH (control for RNA 
loading} in total RNA preparations from cells. in (B) values at the top indicate the fold increase 
of the GAPDH-normalizad ODC mRNA band relative to time 0 of supplementation. Three 
experiments were performed that showed similar results. 


Increased amount of ODC protein, but not mRNA, in amino acid- 
supplemented cells 


The time course for ODC induction by 10 mM glycine was 
transient with a peak at approx. 4-5 h (Figure 3A). Similar time 
courses were obtained with other ODC-inducing amino acids, 
unlike non-metabolized a-AIB that resulted in maximal ODC 
activity up to at least 8 h, the longest time period examined so far 
(results not shown). Comparatively no significant change oc- 
curred when supplementation was carried out with 10 mM 
D-mannitol instead of the amino acid. In addition, data from 
Western-blots (Figure 3B) showed that, qualitatively, the 
variations in ODC activity were accompanied by parallel changes 
in the amount of ODC protein. Cells supplemented for 4 h with 
l0 mM r-asparagine or L-serine displayed almost the same 
increased levels of ODC protein as cells supplemented with 
glycine (Figure 3C). On the other hand, the increase was lower 
with supplemental L-proline or z-AIB, while no significant change 
took place after supplementation with p-mannitol. 

To establish whether or not the ODC mRNA level was also 
increased following amino acid supplementation, Caco-2 cells 
were exposed for 4h to FCS-deprived, fresh DMEM without 
or with 10 mM of either p-mannitol, glycine, L-asparagine or 
L-serine (Figure 4A). The results showed no significant differences 
between these various conditions. Similar observations were 
noted following cell exposure to D-serine or D-asparagine (results 
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Figure 5 Effect of supplemental glycine or -serine on the incorporation 
of [*S]methionine into newly synthesized ODC protein 


Three-day-old celis were exposed for 24 h to an FCS-deprived DMEM medium, then for 4 h to 
DMEM supplemented with either 10 mM glycine, .-serine or o-mannitol (control). Synthesis was 
determined as described in the Materials and methods section by pulse-labelling cells with 
[^S ]methionine, immunoprecipitating ODC, then analysing cytosolic extracts by SDS/PAGE and 
autoradiography. Two experiments, each done in duplicate, were performed that showed similar 
results. 


not shown). However, when the ODC mRNA level was measured 
as a function of the duration of supplementation with glycine 
(Figure 4B) or p-mannitol (results not shown), it appeared that 
it increased rapidly up to a maximum of approx. 2-fold relative 
to its zero-time level. 


Increased mRNA translation efficiency, and protein stabilization of 
ODC, after amino acid supplementation 


Since amino acid supplementation, as compared with p-mannitol 
supplementation, led to increased amounts of ODC protein 
without specific variations in the ODC mRNA level, we hypo- 
thesized that the increase could result from higher efficiency of 
protein synthesis and/or stability. To examine whether protein 
synthesis was necessary for ODC induction by amino acid 
supplementation, we first treated Caco-2 cells with increasing 
concentrations of cycloheximide concomitant with glycine sup- 
plementation. The experiments showed that concentrations of 
0.1 and 5 ug/ml of the protein synthesis inhibitor were sufficient 
to reduce ODC activity by approx. 50 and 97 *,, respectively 
(results not shown). Secondly, we compared ODC protein 
synthesis in cells supplemented with 10 mM p-mannitol or one of 
the amino acids, glycine or L-serine (Figure 5). The data showed 
that, after a 3.5 h incubation with 10 mM glycine or L-serine, the 
25 min incorporation of radiolabelled L-methionine into ODC 
protein was 3-4- or 2-3-fold that measured in D-mannitol- 
supplemented control cells, respectively. This augmentation 
seemed specific for ODC since the overall protein synthesis, as 
measured by a I h incorporation of radiolabelled L-methionine 
in the trichloroacetic acid-precipitable cellular fraction, was 
similar after supplementation with any one of the above- 
mentioned amino acids or D-mannitol (results not shown). 
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Figure 6 Time course for the effect of glycine supplementation on the 
stability of ODC activity 


Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium and incubated 
for the indicated times in DMEM supplemented with 10 mM glycine. Cells were then treated 
with cycloheximide (5 ug/mi) for a further 15, 30, 60, 120 or 180 min, harvested and 
processed as indicated in the Materials and methods section. The data are provided as GDC 
half-life values which were calculated by linear regression (7> 0.93) from semi-logarithmic 
plots of percentage ODC activity remaining after exposure to cycloheximide as a function of time. 
Data are means + S.D. of at least two separate experiments, each done in triplicate. 


since stabilization has been shown to contribute substantially 
to ODC regulation in many instances, we searched for possible 
changes in the half-life of ODC activity throughout the time 
course of its response to glycine supplementation. For that 
purpose subconfluent Caco-2 cells were treated with 5 ug/ml 
cycloheximide at various times after addition of the amino acid 
supplement and the resulting decrease in ODC activity was 
measured during a further 3 h. In glycine-supplemented cells, the 
half-life of ODC activity augmented in a time-dependent manner 
(Figure 6), whereas it remained essentially steady after a 4h 
supplementation with D-mannitol (results not shown). The aug- 
mentation was transient, reaching a maximal level of approx. 
3.6-fold after 3-4h. However, the ODC half-life after 8h 
remained approx. |.6-fold higher than that at zero-time of 
glycine supplementation. 


Decreased activity of free antizyme after supplementation with an 
ODC-inducing amino acid 


Since ODC degradation can be up-regulated specifically by 
antizyme [27,33,34]. we investigated whether amino acid sup- 
plementation could alter the activity of this modulator protein. 
Assays of free antizyme, as described in the Materials and 
methods section, showed that a decrease in the antizyme activity 
was detectable as early as | h after exposure of putrescine-treated 
cells to 10 mM glycine relative to putrescine-treated control cells 
exposed to 10 mM p-mannitol (Figure 7). The activity of free 
antizyme decreased further after 2 and 4h of glycine sup- 
plementation, especially in cells that had not been pre-treated 
with putrescine. In the latter case, the decrease remained sub- 
stantial, although lower, afterwards, since it appeared to last at 
least over 9 h of supplementation with the amino acid. 
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Figure 7 Time course for the effect of glycine supplementation on the 
activity of free antizyme 


Thres-day-old cells were exposed for 24h to a DMEM medium deprived of FCS and 
supplemented during the last 12 h with (O) or without (4) 10 mM putrescine They were then 
incubated for the indicated times in DMEM containing 10 mM putrescins and athar 10 mM 
glycine or o-mannitol (contro). The results (percentage of activity of free antizyms in the 
corresponding control cells) derive from linear regression analysis (rz 095) of plots of 
decreasing actrwty of an ODG source after addition of increasing amounts of antizyme 
preparation from glycine- or p-mannitol-supplemented cells Data are shown as means + SD 
(©) and means — SD (@) of at least two separate experiments, each done in triplicata “=P 
< 0001 and "P < 005 compared with the corresponding o-mannitol control 


Table 1 Effect of a 4h supplementation with a single amino acid on 
polyamine levels in sabeonficent Caco-2 calls 


Three-day-old cells were exposed to FCS-depnved DMEM for 24 h, then to the same medium 
supplemented with either a single amino acid or manntal (10 mM) for 4h Polyamines were 
measured as described in the Materials and methods section Results represent means + S D 
(n 3) 


Polyamines (nmol/mg protein) 


Supplementation Putrescine Spermuiding  Spermine Total 

p-mannitol (Control) 0784-001 — 5922-066 9574-145 1627+103 
glycine 365+066¢ 5124+138 1105+303 19824505 
t-Senne 442+097t 7234190 11514020 2286-3032 
L-asparagine 273+055¢ 723084 8.794243 1875+283 
o-senng 2524010} 7.06+1 31 1048+144 2006+2.80 
p-asparagine 2144017} 556-131 893251 1664+39% 
p-methionine 1174016" 519+039 1052+128 1688+0.95 
L-arginine ND 573+043 10101.03 1583+144 
L-methionine ND 6593-012 1099+079 1764+09 
L-cysteine N, D À 88 4-1 07 9904-285  14784-3.55 


*P < 005, TP « 0.01 and TP < 0001 compared with control N D, not detectable 


Polyamine concentrations after amino acid supplementation 


We addressed whether induction of ODC evoked changes in the 
polyamine concentration of amino acid-supplemented cells. Poly- 
amine assays showed essentially that the putrescine content of 
Caco-2 cells supplemented for 4 h with one of the ODC-inducing 
amino acids increased many fold as compared with that in cells 
exposed to D-mannitol (Table 1). Additionally, it was moderately 
but significantly increased after supplementation with p-meth- 


© 2000 Biochemical Society 


ionine, in spite of the absence of augmented ODC activity 
(Figure 1). On the other hand, putrescine was undetectable in 
cells supplemented with L-methionine, L-arginine or L-cysteine, 
in accordance with the observed decrease in ODC activity. 
Despite some fluctuations, no significant differences in spermidine 
and spermine concentrations were measurable. Total polyamine 
content only varied significantly after L-serine supplementation, 
although the trend was for an increase after supplementation 
with most ODC-inducing amino acids. 


DISCUSSION 


In vivo rat intestinal cells respond to intragastric supplementation 
with a single amino acid, by increasing notably the activity and 
the amount, but not the mRNA level, of ODC, a key enzyme 
in the regulation of polyamine biosynthesis [11,12]. The data in 
the present study document that (1) similar variations in ODC 
expression took place in subconfluent cells of the human colon 
adenocarcinoma cell line, Caco-2, following supplementation 
with any one of a series of amino acids, (2) increased amounts of 
ODC protein resulted from both increased protein synthesis and 
stability, and (3) consistent with the latter finding, the antizyme 
activity of cells decreased following supplementation with an 
ODC-inducing amino acid. 

Glycine, L-asparagine, L-serine and their D-stereoisomers were 
by far the most potent ODC-inducing amino acids in Caco-2 
cells. More precisely, a maximal induction in ODC activity, 
averaging 12-fold, was found to occur in a transient manner 4 h 
after supplementing with 7.5mM glycine. The time course of 
induction exhibited a roughly similar pattern to that observed 
after intragastric administration of glycine m vivo [ll] or 
L-asparagine supplementation in cultured cells [16,20,23]. Our 
results also indicate that a group of L-amino acids, similar to that 
reported for induction of rat intestinal ODC [11], increased ODC 
activity in Caco-2 cells. Enzyme stimulation by the non- 
metabolized amino acid analogue, a-AIB, shows that the amino 
acids exert their effect directly without a prerequisite for pro- 
cessing in Caco-2 cells, as also observed 1n other cell lines [16,26]. 

ODC regulation has repeatedly been shown to involve multiple 
pathways and to be dependent on cell and tissue type, especially 
concerning its polyamine requirement for function [2,37]. The 
existence of discrepancies between cell lines regarding the mech- 
anisms of ODC control by r-amino acids is therefore not 
surprising. We show in the present study that if the ODC mRNA 
level actually increased following amino acid supplementation, it 
also increased after p-mannitol supplementation as well as after 
mere substitution of 24 h-old FCS-deprived DMEM with fresh 
similar medium. This indicates that, in contrast with L- 
asparagine-supplemented rat intestinal undifferentiated IEC-6 
cells [20] or mouse neuroblastoma cells [24], subconfluent Caco- 
2 cells respond to L-amino acid supplementation without in- 
creasing specifically their ODC mRNA content. Our data show 
that, 1n these cells, ODC induction after amino acid supplemen- 
tation clearly results from regulation at both the translational 
and post-translational levels. 

The importance of the translational regulation of ODC ın 
mammalhan cells has been well demonstrated [37,38]. It has 
supposedly been reported to depend on secondary structure that 
may form in the long 5' untranslated region of ODC mRNA. 
Accordingly, ODC translation could be up-regulated by the 
activation of translation initiation factors, such as eukaryotic 
initiation factor (eIF)-4E, which are able to melt mRNA sec- 
ondary structure. Several recent studies have shed some light on 
the mechanisms involved in the regulation of translation of such 
mRNAs by amino acids [39,40]. In particular, regulation by 
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L-leucine of ODC synthesis in L6 myoblasts was found to be 
associated with availability of eIF-4E and phosphorylation of 
rbosomal protein S6 [41]. However, the involved signalling 
components, as well as their relationships, remain to be identified. 
Furthermore, it has long been known that the cell concentration 
of spermidine, spermine and, to a lesser extent, putrescine down- 
regulates the efficiency of ODC mRNA translation [2,37]. In the 
present study, increased intracellular levels of putrescine may 
contribute to the decrease in ODC expression that took place 
after 4—5 h of supplementation with glycine or any ODC-inducing 
amino acid. However, such a decrease was not observable when 
supplementing cells with non-metabolized «-AIB (results not 
shown). This suggests that amino acid consumption during the 
course of incubation may also play a part in the decline of ODC 
activity beyond 4—5h of amino acid supplementation. Fur- 
thermore, it is possible that, as reported previously [42], the time- 
dependent decrease in antizyme levels (see Figure 7) may lead to 
diminished degradation of nascent ODC and, consequently, be 
responsible for higher apparent protein biosynthesis in glycine- 
supplemented cells relative to control cells. 

Stabilization of ODC was found m vitro in cultured cells 
following L-asparagine supplementation [20,23,24], but not in 
vivo in intestinal cells of rats given a casein, glycine or L-serine 
load intragastrically [11,12]. We report in the present study that 
glycine supplementation increased ODC half-life in a transient 
manner in subconfluent Caco-2 cells. This increase seems to be 
satisfactorily correlated with that in ODC activity (see Figures 
3A and 6). However, the data indicate that, during the first 3 h 
of supplementation, ODC half-life rapidly reached its maximal 
value whereas ODC activity was still increasing. This was 
consistent with the observation of a rapid decrease in the activity 
of free antizyme, which has been reported both to inactivate 
ODC and to enhance its energy-dependent degradation by the 
26 S proteasome [27], in putrescine-treated cells supplemented 
with glycine. The decrease in antizyme activity, which was also 
transient, was particularly dramatic when the onset of antizyme 
induction by putrescine coincided with the beginning of amino 
acid supplementation. This suggests that expression of antizyme 
and/or that of so far unknown regulatory protein(s) involved in 
antizyme expression may be highly sensitive to changes in the 
amino acid supply. Antizyme is expressed as two constantly 
produced labile proteins with half-lives estimated at approx. 24 
and 83 min, and thus cells may rapidly adjust its level in response 
to various environmental changes or stresses [33]. Moreover, 
owing to its rather low physiological leve] antizyme would 
probably act as a catalytic agent in normal cells. Therefore, 
although evidences were obtained using putrescine-induced cells, 
it can be thought from the present study that slight decreases in 
the antizyme level could contribute to ODC induction that 
follows physiological increases in the amino acid supply of cells 
normally expressing antizyme. 

Antizyme stability was reported to decrease in putrescine- 
stimulated rat hepatoma HTC cells exposed to hypo-osmotic 
medium [33]. Millimolar concentrations of actively transported 
amino acids can induce mammalian cell swelling secondary to 
their internalization and prior to an osmo-regulatory volume 
decrease [43]. As already sketched for ODC induction [15-17,23], 
a parallel might be drawn between the decreases in antizyme level 
after supplementation with such an amino acid and after hypo- 
tonic shock. Moreover, the mechanisms by which hypo-tonicity 
induces ODC activity appear to be post-transcriptional in most 
cells [31,44]. However, amino acid supplementation and hypo- 
tonicity may not trigger ODC induction through similar 
mechanisms since (1) certain D-amino acids, namely D-asparagine 
and p-serine, which are not taken up by Na*-dependent transport 


systems in intestinal cells [45], seem to regulate ODC translation- 
ally and/or post-translationally, as shown in the present study; 
(2) conversely, no induction was observed in the present 
study with L-aspartate and L-glutamate, on the one hand, and 
L-lysine, on the other hand, although they can be taken up by the 
Na*-dependent, acidic amino acid transport system X,,_ [46] 
and the basic amino acid transport system [47], respectively; (3) 
the substrate preference of the broad-specificity, Na*-dependent, 
neutral L-amino acid transporter in Caco-2 cells [48] is not 
correlated with the herein reported order of potency of amino 
acids to mduce ODC; (4) in contrast with amino acid sup- 
plementation, hypo-osmotic conditions have been found to cause 
a dramatic reduction in general protein synthesis in certain cell 
types, suggesting disruption of cell function [44]; and (5) no 
change in the volume of IEC-6 cells after exposure to 10 mM 
L-asparagine has been repeatedly reported [20,21]. Further 
studies, e.g. regarding the involved signalling pathway(s), are 
required in order to delineate the molecular basis for ODC 
stimulation during the cell response to amino acid supplemen- 
tation, on the one hand, and to hypo-osmotic conditions, on the 
other hand. 

In addition to L-cysteine, all amino acids that are precursors of 
polyamine biosynthesis, namely L-methionine, L-arginine and L- 
ornithine, led to a dramatic decrease in ODC activity when 
supplemented to subconfluent Caco-2 cells. In all cases, this 
decrease was followed by a depletion of intracellular putrescine. 
Inactivation of ODC by supplemental L-cysteine probably 
resulted from changes 1n the redox thiol status of the protein and 
formation of iron reactive species [49]. L-Methionine or L- 
arginine, as such, were unable to alter ODC activity; however, 
ODC inactivation after L-methionine catabolism to L-cysteine 
seemed plausible (results not shown). Moreover, the inhibitory 
effect of L-arginine might rely on intracellular biosynthesis of 
nitric oxide which has recently been reported to inactivate ODC 
m vitro [50]. 

In conclusion, the results of this and other studies [23,24,26] 
stress the importance of the translational and post-translational 
regulation of ODC by amino acids in mammalian cells. A 
remarkable feature of the latter regulation is the dramatic 
decrease in the activity of antizyme that follows exposure of 
subconfluent Caco-2 cells to glycine. The cell signals that trigger 
ODC induction and antizyme decay, as well as the resulting 
metabolic consequences of these changes, remain to be elucidated. 
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We have reported that pretreatment of rat FRTL-5 thyroid cells 
with thyrotropin (TSH) markedly potentiates the mitogenic 
response to insulin-like growth factor-I (IGF-I). The present 
study was undertaken to determine whether the augmentation by 
cAMP of IGF-I-dependent tyrosine phosphorylation of known 
IGF-I receptor substrates plays an important role in the cAMP- 
dependent potentiation of DNA synthesis induced by IGF-I. 
Pretreatment with TSH or dibutyryl cAMP did not affect the 
IGF-I-dependent tyrosine phosphorylation of insulin receptor 
substrate-1 (IRS-1). In contrast, cAMP pretreatment potentiated 
the tyrosine phosphorylation of IRS-2 induced by IGF-I, but did 
not affect the amount of IRS-2. We found that the IGF-I- 
dependent tyrosine phosphorylation of 66 kDa She (Sre hom- 
ology collagen) was markedly increased by cAMP pretreatment, 
and that this change was mainly due to an increase in the levels 
of 66 kDa Shc protein. Under these conditions, cAMP pre- 
treatment significantly increased binding of Grb2 (growth-factor- 
receptor-bound protein 2) to Shc in response to IGF-I, and 
activation of MAP kinase (mitogen-activated protein kinase) 


induced by IGF-I was also enhanced by cAMP. The presence of 
PD98059, an inhibitor of MEK (MAP-kinase/Erk kinase), 
during treatment with IGF-I partially inhibited the cAMP- 
dependent augmentation of DNA synthesis in.response to IGF- 
I. On the other hand, cAMP pretreatment increased binding of 
the phosphoinositide 3-kinase (PI 3-kinase) p85 subunit to IRS- 
2, which was reflected in PI 3-kinase activity. LY 294002, a PI 3- 
kinase inhibitor, strongly depressed IGF-I-dependent DNA 
synthesis after pretreatment with and without TSH or dibutyryl 
CAMP. Our results suggest that the interaction between cAMP- 
dependent and IGF-I-dependent pathways leads to an aug- 
mentation of cell proliferation, which 1s mediated, at least in 
part, through the MAP kinase and PI 3-kinase signalling 
pathways. These effects are mediated by changes in tyrosine. 
phosphorylation of IGF-I receptor substrates, including IRS-2 
and Shc. 


Key words: IGF-I, IRS-1, IRS-2, Shc. 





INTRODUCTION 


Insulin-like growth factor-I (IGF-I) can stimulate both cell 
proliferation and differentiation m many cell types [1,2]. IGF-I 
by itself often has weak biological effects, which are greatly 
potentiated in the presence of other hormones or growth factors 
[3-10]. Although cAMP has been reported to antagonize tyrosine 
kinase receptor-activated pathways in some cells [11-19], we 
have shown previously that pretreatment of FRTL-5 cells with 
thyrotropin (TSH), which acts through a cAMP-dependent 
pathway, potentiates DNA synthesis induced by IGF-I [20,21]. 
The present studies are part of ongoing attempts to elucidate the 
signalling pathways through which such synergistic actions are 
mediated. 

Pretreatment of FRTL-5 cells with TSH or other substances 
that increase cAMP levels enhances the IGF-I-dependent tyrosine 
phosphorylation of several intracellular proteins, predominantly 
those with molecular masses of 175-185 kDa or 90-100 kDa 
[21]. Under these conditions, we reported that cAMP did not 
increase IGF-I receptor number or kinase activity [22]. These 
results suggested that the interaction between cAMP-dependent 
and IGF-I-dependent pathways leads to an augmentation of cell 
proliferation through changes in IGF-I-dependent tyrosine 


phosphorylation at a step distal to IGF-I receptor kinase 
activation. 

Binding of IGF-I to its specific receptor on a target cell 
membrane is followed by activation of tyrosine kinase in the £- 
subunit of the IGF-I receptor [22]. The activated IGF-I receptor 
in turn phosphorylates specific substrates, in particular insulin 
receptor substrate-1 (IRS-1), IRS-2 and Src homology collagen 
(Shc), as well as putative substrates such as Crk (CT10 regulator 
of kinase) and Jaks (Janus-activated kinases) [23-28]. Recently it 
has become clear that phosphorylated tyrosine residues of IRS- 
1, IRS-2 and Shc are recognized by various signalling molecules 
that contain a Src homology 2 (SH2) domain [29,30]. These 
include Grb2 (growth-factor-receptor-bound protein 2) and the 
85 kDa regulatory subunit of phosphoinositide (phosphatidyl- 
inositol) 3-kinase (PI 3-kinase), suggesting that binding of 
tyrosine-phosphorylated substrates to these SH2-domain-con- 
taining proteins mediates IGF-I bioactivities. These associations 
are thought to stimulate the mitogen-activated protein kinase 
(MAP kinase) cascade or the PI 3-kinase cascade, well known 
signalling pathways that mediate many significant actions of 
growth factors [31]. 

The present study was undertaken to determine whether 
the augmentation by cAMP of IGF-I-dependent tyrosine 


Abbreviations used. CH2 domain, collagen-homology 2 domain, Erk, extracellular-signal-regulated kinase, Grb2, growth-factor-receptor-bound 
protein 2, HBSS, Hanks balanced salt solution, IGF-I, Insulin-like growth factor-i, IRS, insulin receptor substrate; MAP kinase, mitogen-activated protein 
kinase, MEK, MAP-kinase/Erk kinase, NBS, newborn bovine serum, PI 3-kinase, phosphoinositide (phosphatidylinositol) 3-kinase, SH, Src homology, 


She, Src homology collagen, TSH, thyrotropin 
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phosphorylation is specifically reflected in increased phosphoryl- 
ation of the known IGF-I receptor substrates IRS-1, IRS-2 and 
Shc. In addition, we investigated whether potentiation of tyrosine 
phosphorylation causes an increase in binding of these substrates 
to Grb2 or to the 85 kDa regulatory subunit of PI 3-kinase, 
followed by activation of MAP kinase or PI 3-kinase. 


EXPERIMENTAL 
Materlals 


Coon's modified Ham's F-12 medium (Coon's F-12) was pur- 
chased from Sigma (St. Louis, MO, U.S.A.); newborn bovine 
serum (NBS) was from Nichirei (Tokyo, Japan); Hanks balanced 
salt solution (H.BSS) was from Nissui (Tokyo, Japan), bovine 
insulin, bovine TSH and human transferrin were purchased from 
Sigma ; penicillin was obtained from Ban-yu Pharmaceutical Co. 
(Tokyo, Japan), streptomycin and kanamycin were from Meiji 
Seika Co. (Tokyo, Japan); and amphotericin B (fungizone) was 
from Sankyo Pharmaceutical Co. (Tokyo, Japan). Purified 
bovine TSH (30 units/mg) for biological studies was generously 
donated by the National Hormone and Pituitary Program 
[National Institute of Diabetes and Digestive and Kidney Dis- 
eases (NIDDK), Bethesda, MD, U.S.A.], and recombinant 
human IGF-I was a gift from Dr Toshiaki Ohkuma (Fujisawa 
Pharmaceutical Co., Osaka, Japan). Leupeptin and pepstatin 
were kindly donated by Dr Takaaki Aoyagi (Institute of Mi- 
crobial Chemistry, Tokyo, Japan). Anti-phosphotyrosine mono- 
clonal antibody was kindly provided by Dr Takao Yamori 
(Cancer Chemotherapy Center, Japanese Foundation for Cancer 
Research, Tokyo, Japan). Anti-(rat IRS-1) antibody for immuno- 
precipitation, anti-(human Grb2) antibody (against N-terminal 
SH3 region), anti-p85 antibody (against N-terminal SH2 region) 
and anti-Shc antibody were purchased from Upstate Bio- 
technology Inc. (Lake Placid, NY, U.S.A.). Anti-(human IRS-1) 
antibody for immunoblottng and anti-(rat IRS-2) (M-19) 
were purchased from Santa Cruz Biotechnology Inc. (Santa 
Cruz, CA, U.S.A.). Anti-phosphoErk antibody (where Erk is 
extracellular-signal-regulated kinase) was from Transduction 
Laboratories (Lexington, KY, U.S.A.). Anti-IRS-3 and anti- 
IRS-4 antibodies were kindly donated by Dr Tomoichiro Asano 
(Faculty of Medicine, The University of Tokyo, Tokyo, Japan). 
[»-**PJATP (> 6000 Ci / mmol) was purchased from Amersham 
Pharmacia Biotech (Uppsala, Sweden). Other chemicals were of 
reagent grade available commercially. 


Cell cultures 


FRTL-5 cells (A.T.C.C. no. CRL8305), a line of rat thyroid 
follicular cells developed by Ambesi-Impionbato et al. [31a], 
were generously provided by Dr Leonard Kohn (Section of 
Cell Regulation, NIDDK). Cells were routinely cultured in 
Coon's F-12 medium including three hormones (3H): TSH 
(1 m-umt/ml) insulin (10 ug/ml) and transferrin (5 ug/ml). 
Cells were cultured in 150-cm? flasks IWAKI, Tokyo, Japan) at 
37 °C in an atmosphere of 95% air/5% CO, in a humidified 
incubator [20]. All media contained penicillin (100 units/ml), 
streptomycin (10 ng/ml), kanamycin (1 ng/ml) and amphotericin 
B (0.2 ug/ml). 


Cell treatments 

FRTL-5 cells (1 x 10° cells/8 ml) were sparsely seeded in 100-mm 
dishes (WAK]) in Coon's F-12 medium containing 5% (v/v) 
NBS and 3H. For DNA synthesis assays, cells (1 x 10* cells/500 ul 
per well) were seeded in 48-well plates (IWAKT). After 6 days, 
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the cells were washed twice with HBSS, and the cultures were 
continued for an additional 24h in Coon's F-12 medium 
containing 0.195 (w/v) BSA without NBS and 3H until cells 
became quiescent. The medium was then replaced with the 
experimental medium (Coon's F-12 medium containing 0.1 9/ 
BSA) without or with TSH (1 nM) or dibutyryl cAMP (1 mM), 
and the cells were pretreated for 24 h. At the end of pretreatment, 
the cells were washed twice with HBSS The cells were then 
treated with IGF-I (100 ng/ml) for periods of time specified for 
each experiment. 


Immunoprecipitation of IRSs or She, followed by Immunoblotting 
with anti-phosphotyrosine antibody or antibody against each 
protein 


As described above, the quiescent FRTL-5 cells were pretreated 
without or with TSH (1 nM) or dibutyryl cAMP (1 mM) for 
24 h, followed by treatment with IGF-I (100 ng/ml) for various 
times. The cells were then harvested at 0°C in 400 ul of 
immunoprecipitation buffer containing 50 mM Tris/HCl, pH 
8.0, 150 mM NaCl, 1! mM Na,VO, 10mM EDTA, 1 mM 
EGTA, 1.5mM MgCl, 1% Triton X-100, 100 kallikrein- 
inactivating units/ml aprotinin, 20 ug/ml PMSF, 10 ug/ml 
leupeptin, 5 ug/ml pepstatin and 10 mg/ml p-nitrophenyl phos- 
phate. The lysates were centrifuged at 12000 g for 10 min at 
4°C. The supernatant was diluted with immunoprecipitation 
buffer to 1 mg of protein/ml as a final concentration. The protein 
assay was carned out using a protein assay kit (Bio-Rad, 
Hercules, CA, U.S.A.). The lysates were incubated with anti- 
IRS-1 antibody (10 ug), anti-IRS-2 antibody (10 ug), anti-Shc 
antibody (10 ug), anti-IRS-3 antibody (10 zl) or anti-IRS-4 anti- 
body (10 ul) for 12h at 4 C; 40 ul of Protein A-Sepharose 
[50% (v/v); Pharmacia Biotech] was then added and the 
incubation was continued for 2 h. The immunoprecipitates were 
collected by centrifugation at 4 "C, washed three times with 
immunoprecipitation buffer containing 300 mM NaCl, and 
boiled for 5 min in a mixture of 60 ul of immunoprecipitation 
buffer and 30 ul of 3 x Laemmli sample buffer (9% SDS, 15% 
glycerol, 30 mM Tns/HCl, pH 7.8, 0.05% Bromophenol Blue 
and 6% 2-mercaptoethanol). These samples were then stored at 
—80 °C until electrophoresis. 

Portions of each sample (containing equal amounts of protein) 
were run on SDS/PAGE followed by immunoblotting analysis, 
as described previously [32]. The transferred membrane was 
incubated for 2h at room temperature in blocking buffer 
containing a monoclonal anti-phosphotyrosine antibody (1:1000 
dilution) or anti-Grb2 antibody (1:1000), or incubated overnight 
at room temperature in the blocking buffer containing anti-IRS- 
| antibody (1:200), anti-IRS-2 antibody (1:500), anti-Shc anti- 
body (1:1000) or anti-p85 antibody (1:2000). The results were 
quantified using the NIH Image computer program (Version 
1.61). 


Immunoblotting of cell lysates using anti-IRS-1, ant-IRS-2 and 
anti-She antibodies 


As described above, quiescent FRTL-5 cells were treated without 
or with TSH (1 nM) or dibutyryl cAMP (1 mM) for 24h, and 
then harvested at 0 °C in 400 ul of immunoprecipitation buffer. 
The lysates were centrifuged at 12000 g for 10 min at 4 °C. The 
protein assay of the supernatants was carried out using a protein 
assay kit (Bio-Rad), and the protein content of the lysates was 
adjusted to 1 mg/ml by addition of 1mmunoprecipitation buffer. 
A portion of 200 ul of concentrated 3 x Laemmli sample buffer 
containing 9% SDS and 6% 2-mercaptoethanol was added to 
400 ul of supernatant, and the mixture was boiled for 5 min. 


These samples were stored at —80?C until electrophoresis. 
Portions of each sample containing the same amount of protein 
were run on SDS/PAGE, followed by immunoblotting using 
anti-IRS-1 antibody, anti-IRS-2 antibody or anti-Shc antibody. 


MAP kinase assay by immunoblotting with anti-phosphoErk 
antibody 


As described above, quiescent FRTL-5 cells were pretreated 
without or with TSH (1 nM) or dibutyryl cAMP (1 mM) for 
24 h, followed by treatment with IGF-I (100 ng/ml) for 5 min. 
Cells were lysed and homogenized at 4 °C in 400 ul of buffer 
containing 80 mM -glycerophosphate, pH 7.4, 15 mM MeCl,, 
20mM EGTA, | mM Na,VO,, 20 ug/ml PMSF, 10 ~g/ml 
leupeptin, 5 g/ml pepstatin and 1 mM benzamidine. The lysates 
were centrifuged at 12000 g for 15 min at 4°C. The super- 
natants were recovered and the concentration of protein was 
measured using a protein assay kit. Portions of each sample 
containing the same amount of protein were run on SDS/12.5 %- 
PAGE and immunoblotting was performed as described above, 
but using anti-phosphoErk polyclonal antibody (1:1000). The 
amounts of phosphorylated Erk1 (lower mobility) and Erk2 
(higher mobility) were taken to represent activated Erk] and 
Erk2 respectively. 


Pi 3-kinase activity assay 


As described above, quiescent FRTL-5 cells were pretreated 
without or with TSH (1 nM) or dibutyryl] cAMP (1 mM) for 
24 h, followed by treatment with IGF-I (100 ng/ml) for 2 min. 
Cells were lysed at 4°C in 300,4 of Nonidet P-40 buffer 
(10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.5 mM Na, VO,, 
| mM EDTA, 1°% Nonidet P-40, 100 kallikrein-inactivating 
units/ml aprotinin, 20,4g/ml PMSF. 10,g/ml leupeptin, 
5 ug/ml pepstatin and 10 mg/ml p-nitrophenyl phosphate). The 
lysates were centrifuged at 12000 g for 10 min at 4 °C. The super- 
natant was incubated with anti-IRS-1 antibody (10 ug), anti- 
IRS-2 antibody (10 xg) or anti-phosphotyrosine antibody (20 pl) 
for 12h at 4 °C; 10 wl of Protein A~Sepharose (50°, v/v) was 
then added and the incubation was continued for 2h. The 
immunoprecipitates were collected by centrifugation at 4 °C, 
washed once each with Nonidet P-40 buffer, LiCl buffer (100 mM 
Tris/HCl, pH 7.5, and 500 mM LiCl), distilled water and TNE 
buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl and | mM 
EDTA), and finally resuspended in 45 4l of reaction buffer 
(20 mM Tris/HCl, pH 7.5, 100 mM NaCl and 0.5 mM EGTA). 

The PI 3-kinase assay was carried out using the method of 
Whitman et al. [33], with slight modifications. Briefly, the PI 3- 
kinase assay was initiated by incubation of immunocomplex 
in 45 ul of reaction buffer with 5,4 of [y-"PJATP/MgCI,/ 
phosphatidylinositol to give final concentrations of 20 uM 
[-"PJATP (4,4Ci/mmol) 20mM MgCl, and 20 Hg of 
phosphatidylinositol (Avanti, Pharmacia Biotech) at 25 *C for 
30 min. After incubation, 100 xl of chloroform/methanol/HCI 
(10:20: 1, by vol.) was added to the reaction mixture to stop the 
reaction. A lipid product was extracted, spotted on to a silica gel 
plate and developed with chloroform/methanol/NH ¿OH /water 
(43:38:6:6, by vol.). **P radioactivity incorporated into phos- 
phatidylinositol was measured by autoradiography as PI 3- 
kinase activity. Each experimental point represents the mean 
from three replicate dishes. 


DNA synthesis assay 


Determination of [methy/l-*H]thymidine incorporation into DNA 
was performed as described previously [20]. In all experiments, 
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each experimental point represents the mean from three replicate 
wells. 


RESULTS 


Effects of cAMP pretreatment on tyrosine phosphorylation of IRSs 
stimulated by IGF-I 


To test the effects of pretreatment with TSH or dibutyryl cAMP 
(CAMP pretreatment) on tyrosine phosphorylation of IGF-I 
receptor substrates, such as IRS-1 and IRS-2, FRTL-5 cells were 
preincubated without or with TSH or dibutyryl cAMP for 24 h. 
We then analysed the tyrosine phosphorylation of each substrate 
by immunoprecipitation using an antibody against each protein, 
followed by immunoblotting with an anti-phosphotyrosine anti- 
body. The tyrosine phosphorylation of IRS-1 increased after 
IGF-I treatment, and this increase was not affected by cAMP 
pretreatment (Figures 1A and 1B). In the case of IRS-2, tyrosine 
phosphorylation in response to IGF-I was clearly potentiated by 
pretreatment with cAMP (Figures 2A and 2B). However, under 
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Figure 1 Effects of TSH and dibutyryl cAMP on tyrosine phosphorylation 
of iRS-1 stimulated by IGF-I 


(A) Quiescent FRTL-5 cells were pretreated without (No additives) or with TSH (1 nM) for 24 h, 
washed twice with HBSS and incubated with 100 ng/ml IGF-I for various time (0, 1, 2. 5 and 
10 min). After treatment, cells were harvested and the cell lysate was subjected to 
immunoprecipitation (IP) with anti-IRS-1 antibody, followed by SDS/8*-PAGE and immuno- 
blotting (IB) with anti-phosphotyrosine antibody (aPY}, as described in the Experimental 
section. These experiments were performed on three independent occasions, and a representative 
blot is presented. (B) Quiescent FRTL-5 cells were pretreated without (No) or with TSH (1 nM) 
or dibutyryl CAMP (CAMP; 1 mM) for 24 h, washed twice with HBSS and incubated without or 
with 100 ng/ml IGF-I for 2 min. After treatment, cells were harvested and the cell lysate was 
subjected to immunoprecipitation with anti-IRS-1 antibody, followed by SDS/8%PAGE and 
immunobiotting with anti-phosphotyrosine antibody and anti-IRS-1 antibody, as described in the 
Experimental section. IRS-1 tyrosine phosphorylation and IRS-1 protein content were quantified 
by NIH Image software. IRS-1 tyrosine phosphorylation corrected for its protein content is 
expressed as a percentage of IGF-I-dependent tyrosine phosphorylation in cells pretreated with 
no additives, and results represent means + S.E.M. of three independent experiments. () 
Quiescent FRTL-5 cells were treated without (No) or with TSH (1 aM) or dibutyryl cAMP 
(CAMP; 1 mM) for 24 h. Cells were harvested without exposure to IGF, and the celi lysate 
was subjected to immunoblotting with anti-IRS-1 antibody as described in the Experimental 
section. The amount of IRS-1 in cells treated with no additives, TSH or cAMP was quantified 
by NIH Image software. The amount of IRS-1 is expressed as a percentage of the IRS-1 content 
in cells treated with no additives, and the results represent means + S E.M. of three independent 
experiments. 
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Figure 2 Effects of TSH and dibutyryl cAMP on tyrosine phosphorylation 
of IRS-2 stimulated by IGF-I 


(A) Quiescent FRTL-5 cells were pretreated without (No additives) or with TSH (1 nM) for 24 h, 
washed twice with HBSS and incubated with 100 ng/ml IGF-I for various times (0, 1, 2. 5 and 
10 min) After treatment, cells were harvested and the cell lysate was subjected to 
immunoprecipitation (IP) with anti-lRS-2 antibody, followed by SDS/8%-PAGE and immuno- 
blotting (IB) with anti-phosphotyrasine antibody (xPY), as described in the Experimental 
section. These experiments were performed on three independent occasions, and a representative 
blot is presented. (B) Quiescent FRTL-5 cells were pretreated without (No) or with TSH (1 nM) 
or dibutyryl cAMP (cAMP: 1 mM) for 24 h, washed twice with HBSS and incubated without or 
with 100 ng/ml IGF-I for 2 min. After treatment, cells were harvested and the cell lysate was 
subjected to immunoprecipitation with anti-IRS-2 antibody, followed by SD5/8%-PAGE and 
immunoblotting with anti-phosphotyrosine antibody and anti-IRS-2 antibody, as described in the 
Experimental section. The quantitative analysis was performed as described for Figure 1(B): * 
indicates a significant difference (P « 0.05) between values obtained in cells pretreated with 
no additives and those pretreated with TSH or cAMP, followed by IGF-| treatment in all cases 
(unpaired test). (C) Quiescent FRTL-5 cells were treated without (No) or with TSH (1 nM) or 
dibutyryi cAMP (CAMP; 1 mM) for 24 h. Cells were harvested without exposure to IGF-I and 
the cell lysate was subjected to immunoblotting with anti-IRS-2 antibody, as described in the 
Experimental section. These experiments were performed on three independent occasions. 
Densitometric analysis of the biot was performed as described for Figure 1(C). 


these conditions cAMP did not affect the amounts of these 
proteins, as assessed by analysing the lysates by immunoblotting 
with antibodies against IRS-1 and IRS-2 (Figures 1C and 2C). 
We could not detect tyrosine phosphorylation of IRS-3 and IRS- 
4 in this cell line (results not shown). 


Effects of cAMP pretreatment on tyrosine phosphorylation of Shc 
stimulated by IGF-I 


We next studied the tyrosine phosphorylation of She in response 
to IGF-I. In FRTL-5 cells we observed the tyrosine 
phosphorylation of three isoforms of Shc, with molecular masses 
of 46 kDa, 52 kDa and 66 kDa, and an IGF-I-dependent increase 
in tyrosine phosphorylation was observed in each case (Figure 
3A). Of these three proteins, cAMP pretreatment significantly 
potentiated the tyrosine phosphorylation of 66 kDa She induced 
by IGF-I (Figure 3B). In Figure 3(C) the degree of tyrosine 
phosphorylation of 66 kDa Shc induced by IGF-I is related to 
the amount of 66 kDa Shc protein in the immunoprecipitates. 
The ratio was not significantly changed by cAMP pretreatment, 
suggesting that an increase in the phosphorylation of 66 kDa She 
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Figure 3 Effects of TSH and dibutyryl cAMP on tyrosine phosphorylation 
of She stimulated by IGF-I 


(AE: Quiescent FRTL-5 celis were pretreated without (No) or with TSH (1 nM) or didutyry! 
cAMP (cAMP: 1 mM) for 24 h, washed twice with HBSS and incubated without or with 
100 ng/ml IGF-I for 5 min. After treatment, ceils were harvested and the cell lysate was 
subjected to immunoprecipitation (IP) with anti-Shc antibody, followed by SDS/10%-PAGE and 
immunoblotting (1B) with anti-phosphotyrosine antibody or anti-Shc antibody, as described in 
the Experimental section, These experiments were performed on three independent occasions, 
and a representative blot is shown (A). The quantitative analysis of tyrosine phosphorylation of 
56 kDa She (p66 Shc} (B) was performed as described for Figure 1(B); " indicates a significant 
difference (P « 0.05) between values obtained in cells pretreated with no additives and those 
pretreated with TSH or cAMP, followed by IGF-! treatment in ail cases (unpaired test). Panel 
(C) shows the degree of tyrosine phosphorylation of p86 Shc corrected for the amount of 
protein. (DJ-(E) Quiescent FRTL-5 cells were treated without (No) or with TSH (1 nM) or 
dibutyryl cAMP (cAMP; 1 mM) for 24 h. Cells were harvested without exposure to IGF and 
the cell lysate was subjected to immunoblotting (1B) with anti-Ghe antibody, as described in the 
Experimental section. These experiments were performed on three independent occasions and 
a representative blot is shown (D. The densitometric analysis of the amount of 66 kDa She (E) 
was performed as described for Figure 1{C}: " indicates a significant difference (P < 0.05) 
between values obtained in cells treated with no additives and those treated with TSH or cAMP 
(unpaired Hest). 


was mainly due to an increase in its amount. Figures 3(D) and 
3(E) also show that cAMP treatment caused a marked increase 
in the amount of 66 kDa Shc. 


Effects of cAMP pretreatment on the association of tyrosine- 
phosphorylated IRS-1, IRS-2 or She with Grb2, followed by 
activation of MAP kinase 


We then examined whether TSH or dibutyryl cAMP pretreatment 
affected binding of tyrosine-phosphorylated substrates to Grb2, 
using co-immunoprecipitation with an antibody against IRS-1, 
IRS-2 or Shc. Association of Grb2 with IRS-2 or Shc was 
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Figure 4 Effects of pretreatment with TSH or dibutyryl cAMP on binding of Grb2 to tyrosine-phosphorylated substrates stimulated by IGF-I 


Quiescent FRTL-5 cells were pretreated without (No) or with TSH (1 nM) or dibutyryl CAMP (CAMP; 1 mM) for 24 h, washed twice with HBSS and incubated without or with 100 ng/ml IGF- 
for 2 min in the case of IRS-2 and for 5 min in the case of Shc. After treatment. cells were harvested and the cell lysate was subjected to immunoprecipitation with anti-IRS-2 antibody (A) or 
anti-She antibody (B and C), followed by SDS/12.5%-PAGE and immunoblotting with anti-Grb2 antibody plus anti-IRS-2 antibody or anti-Shc antibody, as described in the Experimental section. 
These experiments were performed on three independent occasions. The amounts of Grb2 and IRS-2 or She were quantified using NIH Image software. The extent of interaction between Grb? 
and IRS-2 corrected for the amount of IRS-2 (A), the amount of Grb2 bound to Shc (B), and the extent of the interaction between Grb2 and Shc corrected for the amount of 68 kDa She (p65 
She) (C) are presented as described for Figure 1(B); * indicates a significant difference (P < 0.05) between values obtained in cells pretreated with no additives and those pretreated with TSH 
or CAMP, followed by IGF-I treatment in ail cases (unpaired étest). 
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Figure 5 Effects of TSH or dibutyryl cAMP pretreatment on Erk activity Figure 6 Effects of TSH or dibutyry! cAMP pretreatment on binding of the 
stimulated by IGF-I p85 regulatory subunit of PI 3-kinase to tyrosine-phosphorylated substrates 


Quiescent FRTL-5 cells were pretreated without (No) or with TSH t1 nM) of dibutyryl cAMP stimulated by IGF-I 
(CAMP; 1 mM) for 24 h, washed twice with HBSS and incubated without or with 100 ng/ml Quiescent FRTL-5 cells were pretreated without (No) or with TSH (1 nM) or dibutyryl cAMP 


IGF-1 for 5 min. After treatment, cells were harvested and the cell lysate was subjected to (cAMP; 1 mM) for 24 h, washed twice with HBSS and incubated without or with 100 ng/ml 
immunoblotting with anti-phosphoErk antibody, as described in the Experimental section. These IGF-I for 2 min. After treatment, cells were harvested and the cell lysate was subjected to 
experiments. Were performed on three independent occasions. The amounts of phosphoErkt immunoprecipitation with anti-IRS-t antibody (A) or anti-lRS-2 antibody (B), followed by 
(p44 MAP kinase) (A) and phosphoErk2 (p42 MAP Kinase) (B) were quantified using NIH SOS/8'5-PAGE and immunoblotting with anti-(p85 subunit of PI 3-kinase) antibody and an 
image software, and are expressed as a percentage of the respective phosphoErk in cells antibody against the respective IRS, as described in the Experimental section. These 
pretreated with no additives followed by IGF-I treatment. Results represent the means + SEM. experiments were performed on three independent occasions. The amounts of p85 PI 3-kinase 
of three independent experiments ; i indicates a significant difference (P< 0.05) between and of each IRS were quantified using NIH Image software. The extent of the interaction between 
values obtained in cells pretreated with no additives and those pretreated with TSH or CAMP, the p85 subunit and IRS-1 or IRS-2, corrected for the amount of IRS, is presented as described 
followed by IGF-I treatment in all cases (unpaired Hest), for Figure 1(B); * indicates a significant difference (P < 0.05) between values obtained in celis 


pretreated with no additives and those pretreated with TSH or cAMP, followed by IGF-I treatment 
in all cases (unpaired test). 


detected in response to IGF-I (Figures 4A and 4B), but as- 
sociation of Grb2 with IRS-1 was not observed (results not 
shown). cAMP pretreatment markedly increased Grb2 binding 
to She and slightly increased its binding to IRS-2 (Figures 4A 
and 4B). Figure 4(C) shows the extent of the interaction between We also examined whether TSH or dibutyryl cAMP pretreatment 
Grb2 and She corrected for the amount of 66 kDa Shc protein, affected the binding of tyrosine-phosphorylated substrates to the 
which was not affected by cAMP pretreatment. p85 regulatory subunit of PI 3-kinase, using co-immuno- 

From the results of the phosphoErk assay, cAMP increased precipitation with an antibody against IRS-1 or IRS-2. The PI 3- 
the IGF-I-dependent phosphorylation of Erk, indicating that kinase p85 subunit was associated with tyrosine-phosphorylated 
activation of Erk in response to IGF-I was enhanced by cAMP IRS-1 and IRS-2 in response to IGF-I, but basal binding of p85 
pretreatment (Figure 5). cAMP pretreatment was more effective to IRS-1 or IRS-2 was not observed (Figures 6A and 6B). 
in potentiating IGF-I-dependent Erk2 activation compared with Although cAMP pretreatment decreased PI 3-kinase p85 subunit 
that of Erk]. binding to IRS-1, its association with IRS-2 was increased by 


Effects of cAMP pretreatment on the association of tyrosine- 
phosphorylated IRS-1 or IRS-2 with the p85 subunit of PI 3- 
kinase, followed by activation of PI 3-kinase 
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Figure 7 Effects of TSH or dibutyry! cAMP pretreatment on PI 3-kinase activity stimulated by IGF-I 


Quiescent FRTL-5 cells were pretreated without (No) or with TSH (1 nM) or dibutyryl cAMP (cAMP; 1 mM) for 24 h, washed twice with HBSS and incubated with 100 ng/ml IGF-I for 2 min, 
PI 3-kinase activity in immunocomplexes obtained using anti-IRS-1 antibody (A), anti-IRS-2 antibody (B) or anti-phosphotyrosine antibody (C) was measured as described in the Experimental section. 
Each treatment was performed in triplicate in three independent experiments. Pl 3-kinase activity is expressed as a percentage of the activity in cells pretreated with no additives followed by IGF- 
| treatment. Results represent means + S.E.M. of three independent experiments; * indicates a significant difference (P < 0.05) between IGF-I-dependent activities in cells pretreated with no additives 


and those treated with TSH or cAMP (unpaired test), 
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Figure 8 Effects of a MEK inhibitor or a PI 3-kinase inhibitor on DNA synthesis induced by cAMP and IGF-I 


Quiescent FRTL-5 cells were pretreated with no additives (No) or with TSH (1 nM) or dibutyryl cAMP (CAMP; 1 mM) for 24 h. The cells were then washed three times with HBSS and incubated 
with or without IGF-I (100 ng/ml) for an additional 24 h in the absence or presence of various concentrations of PD98059 (A) or LY294002 (B). [methy^H]Thymidine incorporation into DNA 
was measured during the final 4 h, as described in the Experimental section. Results are means + S.E.M. of triplicate wells; * indicates a significant difference (P < 0.05 in thymidine incorporation 
in the presence of an inhibitor compared with in the absence of an inhibitor under each treatment condition. 


CAMP pretreatment. Under these conditions, IGF-I-induced PI 
3-kinase activity bound to IRS-2, but not that bound to IRS-1, 
was enhanced by cAMP pretreatment (Figures 7A and 7B). In 
addition, IGF-I caused PI 3-kinase activation in the immuno- 
precipitates, as assessed using an anti-phosphotyrosine antibody, 
and IGF-I-dependent PI 3-kinase activation was significantly 
potentiated by cAMP pretreatment (Figure 7C). 


Effects of inhibition of MAP-kinase/Erk kinase (MEK) or PI 3- 
kinase on DNA synthesis in cells treated with cAMP and IGF-I 


To study the physiological roles of the cAMP-dependent 
potentiation of Erk and PI 3-kinase activities stimulated by IGF- 
I, we measured DNA synthesis in cells pretreated with TSH or 
dibutyryl cAMP for 24 h, followed by IGF-I treatment for 24 h 
in the presence or absence of the MEK inhibitor PD98059 or the 
PI 3-kinase inhibitor LY294002. PD98059 partially inhibited a 
cAMP-dependent increase in DNA synthesis induced by IGF-I, 
in a concentration-dependent manner (Figure 8A). LY294002 
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strongly depressed IGF-I-dependent DNA synthesis after pre- 
treatment with or without TSH or dibutyryl cAMP (Figure 8B). 


DISCUSSION 


We showed previously that pretreatment of FRTL-5 cells with 
cAMP potentiates the IGF-I-dependent tyrosine phosphoryl- 
ation of various intracellular proteins, such as those of molecular 
mass 175-185 kDa and 90-100 kDa [21], although these proteins 
were not identified. These results suggested that the synergism 
between cAMP and IGF-I in the growth of these cells was 
correlated with changes in IGF-I-dependent tyrosine phosphoryl- 
ation. Activation of cAMP-dependent signalling pathways has 
been reported to depress growth-factor-dependent signals 
[11-19], which are typically mediated by activation of tyrosine 
kinase receptors; however, especially in endocrine cells, it has 
become clear that cAMP may enhance IGF-I-dependent signals 
through novel mechanisms [34-37]. Accordingly, in the present 
study we investigated whether cAMP increases the tyrosine 
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phosphorylation of known substrates of the IGF-I receptor, 
followed by enhancement of IGF-I-dependent signals, in FRTL- 
5 cells. 

In FRTL-5 cells, brief treatment with cAMP has been shown 
to enhance insulin receptor or IGF-I receptor activation in 
response to the appropriate ligand; however, this enhancement 
vanished after a 2 h incubation with TSH [38]. In contrast, we 
have reported that prolonged cAMP treatment, e.g. for 24h, 
decreased the IGF-I receptor number, but did not affect its 
affinity [21]. Our previous experiments further demonstrated that 
cAMP did not affect IGF-I-dependent autophosphorylation of 
the IGF-I receptor, or activation of its tyrosine kinase in response 
to IGF-I [21]. These results indicated that the long-term effects of 
cAMP on changes in tyrosine phosphorylation in response to 
IGF-I occurred at a step distal to tyrosine kinase activation of 
the IGF-I receptor. 

In the present study, we first showed that tyrosine phos- 
phorylation of IRS-2 stimulated by IGF-I is enhanced by cAMP 
pretreatment, but the IGF-I-dependent tyrosine phosphorylation 
IRS-1 1s not (Figures 1 and 2). This enhancement requires 
long-term stimulation of the cAMP-dependent signalling 
pathway (results not shown). These results clearly indicate 
that tyrosine phosphorylation of each IRS is regulated in 
a distinct manner, even though IRS family members possess a 
similar structure [39], suggesting that each IRS has a different 
physiological role. Based on the results of immunoprecipitation 
with an antibody against each protein, tyrosine-phosphorylated 
proteins in the 175-185 kDa range include IRS-1 and IRS-2, but 
not IRS-4. During cAMP treatment, the amounts of IRS-1 and 
IRS-2 proteins, as judged by immunoblot analysis, were not 
changed significantly (Figures 1C and 2C), suggesting that the 
increase in the tyrosine phosphorylation of IRS-2 is not due to 
an increase in the amount of protein. It 1s possible to speculate 
that cAMP treatment modulates IRS-2 to increase the affinity of 
an IGF-I receptor or to decrease the affinity of a protein-tyrosine 
phosphatase to dephosphorylate IRS-2, depresses protein-tyro- 
sine phosphatase activities, or changes the localization of IRS-2. 
Work to elucidate the mechanisms of the cAMP-dependent 
potentiation of tyrosine phosphorylation of IRS-2 induced by 
IGF-I ıs in progress in our laboratory. 

Shc has been shown to have three protein isoforms, with 
molecular masses of 46 kDa, 52 kDa and 66 kDa. These isoforms 
are synthesized by using different translation start sites from two 
mRNAs produced by alternative splicing: one encodes 46 kDa 
and 52 kDa Shc, with the other encoding 46 kDa, 52 kDa and 
66 kDa Shc [40,41]. In FRTL-5 cells, low-level tyrosine 
phosphorylation of 46 kDa and 52 kDa Shc was detected without 
IGF-I treatment. In contrast, IGF-I stimulated the tyrosine 
phosphorylation of 46 kDa, 52 kDa and 66 kDa Shc, and cAMP 
pretreatment prominently potentiated the IGF-I-dependent 
tyrosine phosphorylation of 66 kDa Shc (Figures 3A and 3B). In 
addition, cAMP treatment increased the amount of 66 kDa She 
protein (Figures 3D and 3B), and in fact the degree of IGF-I- 
dependent tyrosine phosphorylation of 66 kDa She normalized 
to its amount in the immunoprecipitates was not changed by 
cAMP pretreatment (Figure 3C), suggesting that cAMP-de- 
pendent potentiation of tyrosine phosphorylation of 66 kDa Shc 
induced by IGF-I is mainly due to an increase in the amount of 
protein. This mechanism could be an important point of in- 
teraction between the signalling pathways of cAMP and IGF-I. 
The expression and tyrosine phosphorylation of these three Shc 
isoforms in response to growth factors has been reported to be 
regulated differently in various cell types [41,42]. Based on these 
results, each isoform may have a different role in controlling cell 
behaviour. It has been reported that, unlike the other two 


isoforms, 66 kDa Shc has a collagen-homology 2 domain (CH2 
domain) [41]. Studies of the physiological roles of CH2 domains 
are clearly required in the light of our findings and the intriguing 
findings of Pelicci and co-workers [41] that the CH2 domain is 
a negative regulator of the c-fos promoter. 

It is well known that tyrosine-phosphorylated IRS family 
proteins and Shc are recognized by Grb2, one of the family of 
adaptor signal molecules that have SH2 and SH3 domains [43]. 
Grb2 associates with Sos, which is a GDP/GTP exchanger of 
Ras. These associations are followed by activation of the MAP 
kinase cascade, which is an important signal transduction path- 
way for cell growth and differentiation [44,45]. In FRTL-S cells, 
we demonstrated that the amount of Shc-Grb2 complex formed 
in response to IGF-I was significantly increased by cÁMP 
pretreatment (Figure 4B). However, the extent of the interaction 
between Shc and Grb2, when corrected for the amount of 
66 kDa Shc protein in the immunoprecipitates, was not affected 
by cAMP pretreatment (Figure 4C). This suggests that the 
CAMP-dependent increase in binding of Grb2 to Shc induced by 
IGF-I was due mainly to an increase in the amount of 66 kDa 
Shc protein in response to cAMP treatment, as was also seen for 
the cAMP-dependent potentiation of 66 kDa Shc tyrosine 
phosphorylation induced by IGF-I. On the other hand, Grb2 
binding to phosphorylated IRS-2 1n response to IGF-I was 
slightly enhanced by cAMP pretreatment (Figure 4A), and this 
enhancement effect of CAMP was much smaller than its effect on 
Grb2 binding to Shc (Figure 4B). Since binding of Grb2 to 
phosphorylated IRS-1 was not detected 1n the present study, we 
assumed that the amount of Grb2 binding to IRS-1 must be very 
low in this cell line. These results, along with the cAMP-induced 
enhancement of IGF-I-dependent MAP kinase activation (Figure 
5), are mainly the predicted consequence of the cAMP en- 
hancement of IGF-I-dependent tyrosine phosphorylation of 
66 kDa Shc. 

Tyrosine-phosphorylated IRS-1 and IRS-2 associate with the 
p85 regulatory subunit of PI 3-kinase, resulting in activation of 
the PI 3-kinase cascade, which also controls various cell functions 
[31]. In the present study, pretreatment with cAMP decreased the 
amount of p85 subunit bound to phosphorylated IRS-1, but 
increased its binding to IRS-2 (Figures 6A and 6B). We could 
detect large amounts of PI 3-kinase p85 subunit in the supernatant 
after immunodepletion of IRS-1 and IRS-2 from the lysates of 
cells pretreated with TSH or dibutyryl cAMP (results not shown) 
These results indicate that the decrease in p85 subunit association 
with IRS-1 was not due to an increased interaction between p85 
subunit and IRS-2. These changes in the amounts of the 
p85 subunit associated with IRS-1 or IRS-2 reflected well the PI 
3-kinase activity that was bound to IRS-1 or IRS-2 (Figures 6 
and 7). Furthermore, an IGF-I-dependent increase in PI 3-kinase 
activity in the immunoprecipitates, as detected with an anti- 
phosphotyrosine antibody, was amplified by cAMP pretreatment 
(Figure 7C), suggesting that total PI 3-kinase activity was 
increased through changes in IRS-2 tyrosine phosphorylation. 
Although the mechanisms leading to these changes remain to be 
elucidated, our new observations also support our hypothesis 
that IRS-1 and IRS-2 possess different roles in the mediation of 
IGF-I bioactivities in FRTL-5 cells. 

Finally, we tested the effects of the presence of an inhibitor of 
each signalling pathway dunng IGF-I treatment on DNA 
synthesis in FRTL-5 cells pretreated with cAMP and then 
treated, with IGF-I. cAMP-dependent potentiation of DNA 
synthesis induced by IGF-I was partially, but significantly, 
depressed by the MEK inhibitor PD98059 (Figure 8A). Thus 
potentiation by cAMP of the MAP kinase cascade in response to 
IGF-I could mediate, in part, the potentiation of cell growth 
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stimulated by cAMP and IGF-I. In addition, LY294002, a PI 3- 
kinase inhibitor, completely abolished IGF-I-dependent DNA 
synthesis, whether or not there was cAMP pretreatment (Figure 
8B). From these results, we conclude that PI 3-kinase activation 
is essential to mediate IGF-I-dependent cell growth in this cell 
line. 

In the present study we have focused on the cAMP-dependent 
enhancement of IGF-I-dependent signals through changes in 
tyrosine phosphorylation, and shown this to be an important 
mechanism of the cross-talk between cAMP and growth factors. 
Other groups have shown that a cAMP stimulus changes the 
amount or activity of cyclin/Cdk (cyclin-dependent kinase)/Cdk 
inhibitor systems in FRTL-5 cells [46]. These mechanisms may 
be complementary in amplifying the traverse of cells through the 
cell cycle in response to IGF-I. 

In summary, we have demonstrated that, in FRTL-5 cells, 
pretreatment with cAMP enhances the IGF-I-dependent tyrosine 
phosphorylation of IRS-2 and 66 kDa Shc. Our results suggest 
that the interaction between cAMP-dependent and IGF-I-de- 
pendent pathways leads to an augmentation of cell proliferation, 
which is mediated, at least in part, through the MAP kinase and 
PI 3-kinase signalling pathways. These effects are mediated by 
changes in the tyrosine phosphorylation of IGF-I receptor 
substrates, including IRS-2 and Shc. 
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Phosphocholine-containing, zwitterionic glycosphingolipids of adult 
Onchocerca volvulus as highly conserved antigenic structures of 


parasitic nematodes 
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Human Onchocerca volvulus infection sera were found to recog- 
nize zwitterionic glycolipids of O. volvulus and to cross-react with 
those of other parasitic nematodes (Ascaris suum, Setaria digitata 
and Litomosoides sigmodontis). By the use of an epitope-specific 
monoclonal antibody, zwitterionic glycolipids of all these nema- 
tode species were observed to contain the antigenic determinant 
phosphocholine. A hyperimmune serum specific for arthro-series 
glycolipid structures reacted with the various neutral glycolipids 
of all these nematodes, which demonstrated that their oligo- 
saccharide moieties belonged to the arthro-series of protostomial 
glycolipids. These results indicated that arthro-series glyco- 
sphingolipids carrying, in part, phosphocholine substituents, 
represent highly conserved, antigenic glycolipid markers of 
parasitic nematodes. Three glycolipid components of the O. 
volvulus zwitterionic fraction were structurally charactenzed by 


matrix-assisted laser-desorption/ionization time-of-flight MS, 
methylation analysis and exoglycosidase treatment. Their 
chemical structures were elucidated to be phosphocholine- 
6GIcNAc(81-3)Man(f1-4)Glc(1-1)ceramide, GalNAc(#1-4)- 
[phosphocholine-6|GIcNA c(£1-3)Man(f1 -4)Glc(1-1)ceramide 
and Gal(al-3)GalNAc(£1-4)[phosphocholine-6]GIcCNAc(£1-3)- 
Man(f1-4)Glc(1-l)ceramide for the zwitterionic ceramide tri-, 
tetra- and penta-hexosides respectively. The ceramide composi- 
tion was found to be dominated by 2-hydroxylated docosanoic 
(Cian o)» tricosanoic (C44, ,) and tetracosanoic (C,,, o) acids, 
and C,, sphingosine (C,,, ,) (where , is hydroxylated and , is 
dihydroxylated). 


Key words: glycolipids, phosphocholine, on-target enzymic 
cleavage, parasitic filarial nematodes. 





INTRODUCTION 


The antigenic determinant phosphocholine (PC) has been found 
to be the structural basis for the immunological cross-reactivity 
of zwitterionic glycolipids from various parasitic nematodes 
[1-3]. Zwitterionic glycolipids of Litomosoides sigmodontis (= 
carinii) and Ascaris suum reacted with homologous and hetero- 
logous infection sera derived from animals experimentally in- 
fected with A. suum, L. sigmodontis and Nippostrongylus brasil- 
iensis [2,3]. In addition, zwitterionic glycolipids from L. sigmo- 
dontis, which is a rodent laboratory model for filariases, were 
recognized by sera from humans infected with Onchocerca 
voloulus, Brugia malayi, Loa loa, and Strongyloides stercoralis [3]. 
Detailed structural analysis of the zwitterionic glycolipid antigens 
of parasitic nematodes has been performed for two components 
bearing the PC substituent, which were derived from the 
porcine parasite A. suum, that yielded the structures Gal(a1-3)- 
GalNAc(f1-4)[PC-6]GIcNAc(£1-3)Man(f1-4)Glc(f1-1)Cer 
(component A) and Gal(a1-3)GalNAc(£1-4)[PC-6]GICNA c(£1- 
3)[PE-6]Man(#1-4)Glc(f1-1)Cer [component C; containing PC 
and phosphoethanolamine (PE) substituents] [1]. Both com- 
ponents were found to be biologically active in inducing human 
peripheral-blood mononuclear cells to release the proinflam- 
matory monokines tumour necrosis factor a, interleukin 1 and 
interleukin 6, whilst the biological activity was dependent on the 
presence of the PC substituent [1]. 


Besides these immunological, biological and structural analyses 
of glycolipid-conjugated PC, macromolecules containing PC 
have been detected using monoclonal antibodies (mAbs) in 
extracts of numerous species of parasitic nematodes [4—7]. They 
have been localized to the pseudocoelomic cavity (inner cuticular 
surface and intestinal lining) in adult males and the reproductive 
tract (uterine endothelium and embryo membranes) in adult 
females of the human filarial nematode B. malayt [4]. 

The excretory/secretory PC-containing protein ES-62, secreted 
by Acanthocheilonema viteae, has been structurally analysed to 
show PC attached to N-linked glycans [8-11], comprising sub- 
stoichiometrically fucosylated, truncated, complex-type struc- 
tures (Fuc, ,Man,GIcNAc, ,; [12]. The location of the sub- 
stitution 1s likely to be to GlcNAc residues present as either 
mono-, di-, tri- or tetra-antennary, monomeric stubs [12] or as up 
to pentameric, (fl-4-linked, chito-oligomeric antennae [13]. 
Both PC-substituted, N-glycan families have been shown to be 
similarly conserved in the human filarial nematode O. volvulus 
and its bovine analogue Onchocerca gibsoni [13]. The protein- 
bound PC determinant is not restricted to N-linked glycans, 
being predominantly present on O-glycans in O. gibsoni [5]. The 
longevity of filarial nematode infections and frequently associated 
modulation of the host's immune response have been correlated 
with the release of PC-containing excretory-secretory protein 
products, and related to their immunomodulatory/suppressive 
properties, 1. e., the inhibition of polyclonal activation/pro- 


Abbreviations used CDH, ceramide dihexoside, CMH, ceramide monohexoside, CPH, ceramide pentahexoside, CTetH, ceramide tetrahexoside; 
CTH, ceramide tnhexoside, GC-MS, gas chromatography-MS, HexNAc, N-acetylhexosamine, HPTLC, high-performance TLC, mAb, monoclonal 
antibody, int, intensity, MALDI-TOF-MS, matrix-assisted laser-desorption/ionization time-of-flight MS, PC, phosphocholine, PE, phosphoethanolamine, 
TFA, trifluoroacetic acid, p g and , hydroxylated, dihydroxylated and trihydroxylated, AM, mass difference 
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liferation of human T- and murine B-lymphocytes in vitro 
[14-16]. Such PC-containing excretory—secretory products may 
play a role in the B- and T-lymphocyte hyporesponsiveness of 
human filariases. They have been implicated, following ligation, 
with selectively uncoupling the antigen—receptor and associated 
protein tyrosine kinase complex from signalling cascades re- 
sponsible for the transduction of signals for activation, tran- 
scription and proliferation [17-19]. This immunomodulation of 
T- and B-cells has been considered to be an escape mechanism by 
which the filarial parasite avoids both cell-mediated and humoral 
immunity. 

In the present study we have disclosed by immunostaining and 
detailed structural analysis that PC-containing glycosphingo- 
hpids are highly conserved among parasitic nematodes, which 
parallels the known presence of PC-containing glycoprotein 
glycans of different filarial nematodes [10,11,13]. 

Some of the results reported here have already been presented 
at the International GlycoBioTechnology Symposium, held in 
Braunschweig, Germany, on 3-8 May 1998. 


EXPERIMENTAL 
Isolation and purification of glycollpids 


An adult O. volvulus worm homogenate was used for the 
preparation of worm-derived antigen, as described previously 
[20]. Freeze-dried worm pellets (350 mg) were stored at —20 °C 
until lipid extraction. Glycolipids were isolated by consecutive 
extractions as described elsewhere [21]. Raw extracts were 
saponified in 50 ml of methanolic 0.1 M NaOH for 2 h at 37 ?C. 
Salts and hydrophilic contaminants were removed by reverse- 
phase chromatography (Chromabond C18,,; Macherey-Nagel, 
Düren, Germany ; [22]) and the glycolipids were fractionated on 
a DEAE-Sephadex column (10 mm x 50 mm, A-25, acetate form; 
Pharmacia, Freiburg, Germany) as outlined previously [22]. The 
neutral-fraction glycolipids were resolved on a silica-gel cartridge 
(Waters, Eschborn, Germany), as described elsewhere [2], and 
analysed by matrix-assisted laser-desorption/1onization time-of- 
flight MS (MALDI-TOF-MS), as well as high-performance 
TLC (HPTLC) and orcinol/H,SO, staining. The fractions 
chloroform/methanol (19:1, v/v) to chloroform/methanol (1:1, 
v/v) contained neutral glycolipids and were pooled and purified 
by Florisil chromatography [22]. The fractions chloroform/ 
methanol/water (60:35:8, by vol.) and (15:30:4, by vol.) con- 
tained glycolipids that migrated similarly to A. suum zwitterionic 
glycolipids on HPTLC [2] and gave similar MALDI-TOF-MS 
spectra [1], and were thus pooled and designated the ‘zwitterionic 
fraction’. Glycolipids from adult Setaria digitata worms were 
extracted analogously, the crude extract was desalted by reverse- 
phase chromatography and used for HPTLC analyses without 
further purification. Glycolipids from adult A. suum worms, and 
L. sigmodontis microfilariae and adult females were isolated as 
described previously [2,3]. 


HPTLC 


HPTLC, orcinol/H,SO, staining and immunostaining were per- 
formed as described elsewhere [23]. On immunostaining, sera 
from four patients with an O. volvulus infection, an anti-arthro 
[30]-series rabbit hyperimmune serum (G. Lochnit, R. D. Dennis, 
S. Nispel and R. Geyer, unpublished work) and the PC-specific 
mouse mAb TEPC-15 (Sigma, Deisenhofen, Germany) were 
applied as primary antibodies. Goat horseradish peroxidase- 
conjugated anti-rabbit Ig and rabbit horseradish peroxidase-con- 
Jugated anti-mouse Ig (Dako Diagnostics, Hamburg, Germany), 
as well as rabbit horseradish peroxidase-conjugated anti-human 
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Ig (Sigma), were used as secondary antibodies (diluted 1:1000). 
Staining was performed using a chloronaphthol/diethylphenyl- 
enediamine substrate mixture as described previously [23]. 


HF and exoglycosidase treatment 


HF treatment of zwitterionic glycolipids from O. volvulus and A. 
suum was performed as described previously [1]. For exo- 
glycosidase cleavage, HF-treated glycolipids were taken up in 
50 ul of 50 mM sodium citrate buffer, pH 6.0, containing 1 g/htre 
sodium taurodeoxycholate and incubated at 37 ?C for 24 h with 
250 m-units of a-galactosidase from green coffee (Coffea sp.) 
beans (Roche Diagnostics, Mannheim, Germany). Enzyme ad- 
dition was repeated after 12 h. The sample was purified by anion- 
exchange chromatography on a DEAE-Sephadex column [2] and 
the resultant neutral fraction analysed by HPTLC orcinol/H,SO, 
stainng, MALDI-TOF-MS and methylation analysis. 


Carbohydrate composition and methylation analysis 


Glycolipids were hydrolysed in aq. 4M _ tnfluoroacetic acid 
(TFA) for 4 h at 100 °C and analysed as their alditol acetates by 
gas chromatography (GC) [24]. For linkage analysis, glycolipids 
were permethylated, being either untreated, before or after HF 
treatment and hydrolysed (4M TFA, 4h, 100°C). Partially 
methylated alditol acetates obtained after sodium borohydride 
reduction and peracetylation were analysed by capillary GC-MS, 
using the instrumentation and microtechniques described else- 
where [25]. 


MALDI-TOF-MS and on-target enzymatic cleavage 


MALDI-TOF-MS and on-target enzymatic cleavage was per- 
formed using the instrumentation and methods described pre- 
viously [26]. For on-target enzymic cleavage, a-galactosidase 
from green coffee beans (Roche Diagnostics), @-N-acetylhexos- 
aminidase from jack beans (Canavalia ensiformis; Sigma) and 
f-mannosidase from snail acetone-dried powder (Sigma) were 
used. 


Ceramide analysis 


The zwitterionic glycolipid fractions of O. volvulus and A. suum 
were treated with 200 ul of anhydrous 1 M methanolic HCl for 
16 h at 80 °C, The released fatty acid methyl esters were separated 
from the remaining sphingoid bases and saccharide residues by 
a three-fold phase partition against n-hexane. The pooled n- 
hexane partitions were dried down under N,. Fatty acid methyl 
esters were analysed by GC-MS (Finnigan, Sunnyvale, CA, 
U.S.A., model 4500) using a fused-silica capillary column 
(Optima 210, 0.25 mm internal diameter, 30 m long; Macherey— 
Nagel). The temperature was increased from 100 °C, at 4 °C/min, 
to a final temperature of 280 °C. Spectra were recorded in the 
positive-ion mode after electron-impact ionization (70 eV; source 
temperature 190°C). For sphingoid base analysis, as a mod- 
ification of the method described by Zanetta et al. [27], the lower 
methanol partition was dried under N, and, after addition of 
200 ul of acetonitrile and 25 yl of pentafluoropropionic an- 
hydride (Supelco, Deisenhofen, Germany), the sample was heated 
for 30 min at 150 °C, dried under N, and taken up in acetonitrile. 
samples were analysed by GC-MS using fused-silica capillary 
columns [Optima 5 (0.25 mm internal diameter, 30 m Jong) and 
Optima 210 (as described above; Macherey—Nagel)]. The in- 
jector temperature was 280 °C, and the column temperature was 


increased from 130 °C, at 6 °C per min, to a final temperature of 
250 °C. GC-MS was performed in the negative-ion mode after 
chemical ionization with ammonia at 150 eV and in the positive- 
ion mode after electron-impact ionization (70 eV, source tem- 
perature 190 °C). For identification, Casas Cag and Ce, 
(where , is trihydroxylated) standards (Sigma) were used. 


RESULTS 


PC and the arthro-series motif as common determinants of 
parasitic nematode lipid-bound carbohydrate structures 


Neutral and zwitterionic glycolipids from O. volvulus were 
compared immunochemically with the corresponding glycolipid 
fractions from A. suum adults [1,21], S. digitata adults and L. 
sigmodontis microfilariae and adult females (Figure 1). Neutral 
glycolipids were revealed by HPTLC-immunostaining using an 
anti-arthro-series hyperimmune serum raised against 4. suum 
neutral-fraction glycolipids (Figure 1A). This serum detected co- 





Figure 1 HPTLC-immunostaining of neutral and zwitterionic glycolipids 
from different, parasitic nematodes 


(A) Neutra! glycolipids were separated by HPTLC [running solvent chioroform/methanoi/aa. 
0.25% KCI (5:4:1, by vol] and revealed with anti-arthro-series hyperimmune serum (lanes 
2—5; dilution 1:100). (B) Zwitterionic glycolipids were resolved by HPTLC {running solvent as 
in A} and revealed with a pool of four human O. volvulus-intection sera (lanes 2—6; dilution 
1:100). (C) Zwitterionic glycolipids were separated by HPTLC {(running solvent 
chioroform/methanol/water (10:10:3, by vol.)] and revealed with the PC-specific mAb 
TEPC-15 (lanes 2—6; dilution 1:500). A globoside standard mixture containing CMH-CTetH (A, 
lane 1) and A. suum zwitterionic glycolipids (B, lane 1 and C. lane 1) were revealed by 
orcinol/H, SQ, staining. Comp. A, component A; Comp. C, component C as A. suum zwitterionic 
glycolipids of known structure. Glycolipid fractions were derived from: Ov, O. volvulus adults: 
As, A suum adults; Sd, S. digitata adults; LsMt, L. sigmodontis microfilariae; LsAd, L 
sigmodontis adult females. 
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Figure 2  HPTLC-orcinol/H,SO, staining of O. volvulus and A. suum 
neutral and zwitterionic glycolipids 


(A) Neutral glycolipids of O. volvulus (lane 2) and A, suum (lane 3) were separated by HPTLC 
using the running solvent chloroform/methanol/aq. 0.25% KCI (5:4:1, by vol). (B) Zwitterionic 
glycolipids of O. volvulus (lane 4) and A. suum (lane 5) were resolved by HPTLC using the 
running solvent chloroform/methanol/water (10: 10:3, by vol.). Comp. A, component A: Comp. 
C, component C as A. suum zwitterionic glycolipids of known structure. The globoside standard 
(S) of CMH-CTetH corresponded to ceramide mono-, di- tri- and tetra-saccharides res- 
pectively. Ov, Q. volvulus; As. A. suum. 


migrating ceramide trihexoside (CTH) and ceramide penta- 
hexoside (CPH) components in all four nematode species ex- 
amined. Human O. volvulus infection serum revealed cross- 
reactive zwitterionic glycolipids in all four parasitic nematode 
species surveyed (Figure 1B). This cross-reactivity, at least in 
part, would appear to be due to the common antigenic de- 
terminant PC being present on all these glycolipids, as indicated 
by their immunoreactivity with the PC-specific mAb TEPC-15 
(Figure 1C). All four nematode species exhibited a band with 
migration properties similar to those of component A, which has 


comparing the chemical and immunological staining of 4. suum 
zwitterionic glycolipids (Figures 1B and 1C), component C, 
which was one of the chemically dominant glycolipids, was only 
weakly recognized immunologically by the O. volvulus infection 
serum (Figure 1B, lane 3) and mAb TEPC 15 (Figure 1C, lane 3). 
In contrast, the fastest-migrating A. suum zwitterionic glycolipid 
was strongly recognized by the mAb TEPC 15 (Figure 1C, lane 
3); however, chemically it was found to be a minor component 
(Figure 1C, lane 1). The comparative immunochemical HPTLC 
staining (Figure 1) indicated that arthro-series glycosphingolipids 
carrying, in part, PC substituents, represented highly conserved 
antigens among parasitic nematodes. 

Neutral and zwitterionic glycolipids from O. volvulus were also 
compared by HPTLC and chemical staining with the equivalent 
fractions from A. suum adults. The O. volvulus neutral glyco- 
lipid fraction was further purified by Florisil chromatography 
and collated by HPTLC (Figure 2A). Both nematodes exhibited 
ceramide monohexoside (CMH) and ceramide dihexoside (CDH) 
species of identical migration properties. Although significant 
amounts of apparent CTH and CPH species were present in A. 
suum (Figure 2A, lane 3), for O. volvulus these components could 
not be detected (Figure 2A, lane 2). In parallel, O. volvulus 
zwitterionic glycolipids, without further purification, were col- 
lated by HPTLC (Figure 2B). The chemically predominant 
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Figure 3 MALDI-TOF-MS analysis of 0. volvulus neutral as well as 0. 
volvulus and A. suum zutitterionic glycolipids 


(À) O volvuius total neutral glycolipids; (B and C) O volvulus purified CMH and CDH 
compounds, respectively, (D and E) O vwefvulus zwitterionic giycolipids, (P A suum 
zwitterionic. glycolipid component A Analyses were performed in the positrve-son reflectron 
(A-C, E and F} or linear (D) modes Pseudomolecular lons are given in monorsotopic masses 
(reflectron mode) or average masses (linear mode) rounded to one decimal place ©, Man; 
€, Glc, Car, ceramide 


O. volvulus zwitterionic glycolipid component co-migrated with 
the A. suum zwitterionic glycolipid component A, whose structure 
has been previously elucidated [1]. 


Structural analysis of 0. volvulus neutral glycolipids 


MALDI-TOF-MS of the O. volvulus neutral glycolipid fraction 
(Figure 3A) revealed the pseudomolecular ions [M -- Na]* for 
CMH and CDH only. Neutral glycolipids were fractionated on 
a silica-gel cartridge and the purified CMH and CDH species re- 
analysed by MALDI-TOF-MS. The CMH mass spectrum (Fig- 
ure 3B) exhibited pseudomolecular ions [M + Na]* at m/z 808.4, 
822.3, 836.4 and 850.4. The dominant Na* adduct at m/z 836.4 
corresponded to a major pseudomolecular ion observed for A. 
suum CMH at m/z 837 [21]. The CDH mass spectrum (Figure 
3C) revealed signals at m/z 970.5, 984.5 and 998.5. The mass 
difference (AM) between respective CMH and CDH ions of 
162 Da corresponded to one hexose residue. Again, the dominant 
CDH pseudomolecular ion at m/z 998.5 coincided with the Na* 
adduct of a major A. suum CDH species at m/z 998 [21]. 

Methylation analysis of the total neutral glycolipid fraction 
revealed terminal Glc, 4-substituted Glc, terminal Man and 
terminal Gal in the relative amounts 1.0:0.45:0.3:0.05 respec- 
tively. Methylation analysis of isolated CDH resulted ın the ratio 
of terminal Man to 4-substituted Glc of 0.5: 1.0 respectively. On- 
target enzymic cleavage of CDH with #-mannosidase resulted in 
the loss of one hexose residue and shifted the CDH pseudo- 
molecular ions ([M + Na]*) from 998.5, 984.5 and 970.5 to 
837.1, 823.1 and 809 1 respectively. Hence methylation analyses 
and on-target enzymic cleavage indicated CDH to be Man(f-4)- 
Glc(1-1)Cer and CMH to be Glc(1-1)Cer. 


Structural analysis of 0. volvulus zwitterionic glycollpids 


MALDI-TOF-MS of O. volvulus zwitterionic fraction glycolipids 
revealed major pseudomolecular ions of characteristic PC frag- 
mentation at m/z 1669.6, 1507.2 and 1304.1 1n the positive-10n 
reflectron mode ([((M —87) 4- 2Na + H]*; loss of choline; Figure 
3E) and corresponding ions at m/z 1732.7, 1570.0 and 1366.7 ın 
the positive-ion linear mode ([M + Na]*; Figure 3D). Again, the 
dominant ions at m/z 1669.6 (Figure 3E) and 1732.7 (Figure 3D) 
were in agreement with the A. suum zwitterionic glycolipid 
component A (Figure 3F ; [1D. Carbohydrate composition analy- 
sis of the native O. volvulus zwitterionic glycolipid fraction 
revealed the monosaccharide molar ratios for Gal/Glc/ 
Man/GalNAc to be 0.65.1.65:1.0:1.0 respectively. In order to 
confirm the presence of the arthro-series carbohydrate structure 
and to determine the position(s) of the phosphodiester sub- 


Table 1 Methytation analysis of O. volvulus total zwittertonle glycolipid fraction 


The partially methylated monosacchands derrvatrves obtained after hydrolysis, reduction and peracatylation were analysed by GC—MS Results are expressed as peak ratios of the alditol acetates 
found on the basis of 2,4,6 ManOH = 10 Gal(1- as linkage corresponded to 2,3,4,6-GalOH or 2,3,4,6-tetra- O-methylgalactito! as aldrto! acetate, GalNAc(1- as linkage corresponded to 3,4,6- 
GalN(Me)AcOH or 2-deoxy-2-(V-methyl)acetamido-3,4,6-tri- C-mathylgalactito as alditol acetate, etc Bold type has been used to denote significant differences in composition after the vanous 


treatments a-Gal'ase, a-galactosidase 


Relative amount 
Methytation 
precaded by 
Linkago Treatment — Native HF treatment 
Gal(1- 05 03 
-4)Glc(1- 09 10 
-3)Man(1- 10 10 
GlcNAc(1- — 03 
GalNAc(1- 045 015 
-3)GalNAc(1- 0 65 03 
-4)GICNAc(1- ~ 0.76 
-4 6}GlcNAc(1- ~ — 
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Methylation 
Mothyiation preceded by Parhalty 
followed by HF/a--Gal'asa methylated 
HF treatment treatrnents alditol acetate 
065 — 2,3,4,6-GalOH 
10 08 2,3, 6-GICOH 
1.0 10 2,4,6-ManOH 
- 015 3,4,6-GiGN(Me)ACOH 
05 0.80 3,4,6-GalN(Me)AcOH 
075 — 4,6-GalN(Me)AcOH 
- 0.85 3,6-GicN(Me)ACcOH 
0.56 — 3-GIcN(Me)AcOH 
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Figure 4 MALDI-TOF mass spectra of the products of on-target sequential 
exoglycosidase treatments of 0. volvulus (left column) and A. suum (right 
column) HF-treated zwitterionic glycolipids 


Enzymic cleavage of the glycolipids (A and B) was performed with 1.5 m-units of æ 
galactosidase from green coffee beans (6h; C and D), 80 m-units of f Nacetylhexosaminidase 
rom jack beans (overnight; E and F) and 3.5 m-units of //-mannosidase from snail (overnight ; 
G and H). In some cases, 1 wl of a 4 mM LiCI solution was added to the analyte spot to produce 
[M -- Li] pseudomolecular ions instead of the Na* adducts. Pseudomolecular ions are given 
in accurate mass units rounded to one decimal place. Measurements were performed in the 
positive-ion reflectron mode. @, Gal: C}, GalNAc; Bi, GIcNAc: ©, Man; @. Gic: Cer, 
ceramide. 


stitution, methylation analyses either without, before or after HF 
treatment were performed (Table 1). Native zwitterionic glyco- 
lipids yielded terminal Gal, 4-substituted Glc, 3-substituted Man, 
and 3-substituted and terminal GalNAc residues. HF treatment 
after permethylation revealed the additional presence of a 4,6- 
disubstituted GIcNAc residue. When HF treatment was per- 
formed before permethylation, in order to remove PC, the 
GlcNAc residue appeared to be 4-substituted. This indicated that 
PC was 6-linked to the 4,6-disubstituted GIcNAc residue. In the 
methylation analysis of the native zwitterionic glycolipid fraction, 
no GIcNAc species was observed, as PC had not been removed 
and the resultant derivative with PC still attached at the 6- 
position was not volatile and, therefore, not detected by GC-MS. 
In order to determine monosaccharide sequences and anomeric 
linkages, O. volvulus and A. suum zwitterionic glycolipids were 
analysed in parallel by sequential on-target enzymic cleavage 
with specific exoglycosidases and MALDI-TOF-MS. Following 
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Figure 5 Cleavage of 0. volvulus and A. suum HF-treated zwitterionic 
glycolipids with «-galactosidase 


A, suum zwitterionic glycolipids yielded mainly CPH after HF treatment dane 3). For O. volvulus 
and A. suum HF-treated zwitterionic glycolipids, cleavage with a-galactosidase (green coffee 
beans) resulted in a CTetH (lanes 1 and 2 respectively), Under the running solvent conditions 
employed [chloroform/methanol/water (65:25:4) by volume], more polar givcolipids of A. 
Suum remained at the origin (indicated by asterisk; lanes 2 and 3). Glycolipids were revealed 
by orcinol/H,SO, staining. Glycolipid fractions were derived from: Ov, O. volvulus adults; As, 
A, suum adults. a-Gal'ase, -galactosidase treatment. 


HF treatment, the mass spectra exhibited the characteristic 
signals for CTH, ceramide tetrahexoside (CTetH) and CPH 
(Figures 4A and 4B; [21]. Incubation with z-galactosidase 
cleaved one hexose residue from the dominant CPH components 
at 1567.1, 1553.1 and 1539.1 Da (AM = 162 Da; Figures 4C and 
4D). However, an additional minor CPH component appeared 
to be present in the O. volvulus sample with a pseudomolecular 
ion at 1608.9, which was not cleaved by a-galactosidase treatment 
(Figure 4C). This CPH component exhibited a AM of 203 Da to 
the CTetH species in Figure 4(C), which indicated the presence 
of a terminal HexNAc. Further degradation by #-N-acetylhexo- 
saminidase treatment removed two HexNAc residues consecu- 
tively (Figures 4E and 4F). The observed mass shift of 422 Da 
resulted from the loss of two HexNAc residues (AM = 406 Da) 
and the exchange of Na* by Li^ (AM = 16 Da). /-Mannosidase 
removed one hexose residue and resulted in CMH (Figures 4G 
and H). In addition, the zwitterionic glycolipids of O. volvulus 
and 4. suum, after HF treatment, were incubated with a- 
galactosidase and the reaction products were analysed by 
HPTLC; they exhibited the migration properties of CTetH 
(Figure 5, lanes 1 and 2). Methylation analysis of O. volvulus 
zwitterionic glycolipids after HF and a-galactosidase treatments 
yielded terminal GalNAc, 4-substituted and terminal GIcNAc, 
3-substituted Man and 4-substituted Gic (Table 1). This re- 
vealed terminal Gal to be a-linked to the 3-position of 
GalNAc and yielded the sequence Gal(x1-3)GalNAc(/1-4)- 
GleNAc(fl- and not Gal(x1-4)GIcNAc(/1-3)GalNAc(/71- for 
the carbohydrate backbone. 

Fatty acids were analysed by GC-MS using electron-impact 
ionization (Table 2). The results demonstrated the predominance 
of hydroxytetracosanoic acid (C,,,,.,) (where , is hydroxylated). 
O. volvulus zwitterionic glycolipids were found to contain higher 
relative amounts of C,,,., and C,,, , than the corresponding A. 
suum glycolipids. The obtained fragment-ion patterns showed all 
hydroxy fatty acids to be 2-hydroxy derivatives, which is in 
agreement with previous data [1,21]. Analysis of the penta- 
fluoropropionic acid-derivatized sphingoid base fraction by 
GC-MS in the positive-ion mode following electron-impact 
ionization allowed C,,-sphingosine (C,,,.,) (where , is di- 
hydroxylated) to be identified as the main compound (results not 
shown), which is in accordance with the data obtained for 4. 
suum zwitterionic glycolipids [1]. A characteristic ion at m/z 395 
was observed, which corresponded to a C ,.-sphingosine fragment 
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Table 2 Fatty acid analysis of 0. volvulus and A. suum zwitterlonic 
glycosphingotipld fractions 


Fatty acid methyl esters were analysed by capillary GC—MS and identified by their retention 
times and molecular ([M]*) as weil as fragment ions after electronimpact lonization Relative 
amounts are based on peak ratios of individual fatty acid derivatives normalized to 100% Cay g 
saturated fatty acid with 24 carbon atoms; Cam œ saturated hydroxy fatty acid, etc. 


Relative amount (3) 

Fatty acid Molecular 

methyl ester lon [M]* Species O wawdus A suum 
DENS 270 30 16 
D 298 47 57 
M 326 05 " 
TM 354 17 14 
ae 370 228 7.0 
on 384 137 33 
Ca o 382 12 109 
Ca 0 308 524 701 





ment with only one pentafluoropropionic acid moiety remaining. 
The fragmentation pattern was analogous to that observed for the 
Cais , Standard. Detection in the negative-ion mode following 
chemical ionization resulted in a major ion at m/z 540 which 
coincided with an ion at m/z 554 found for the C,,, , standard 
(loss of HF and one pentafluoropropionic acid moiety). A 
similar fragmentation has been described by Zanetta et al. for 
sphingosines derivatized with heptafluorobutyric acid [27]. 
Taken together, the data allowed the structures of O. volvulus 
zwitterionic CTH, CTetH and CPH to be defined as PC-6GIcNAc 
(f1-3)Man(f1-4)Glc(1-1)Cer, GalNAc(f1-4)|PC-6]GICNAc(f1- 
3)Man(f1-4)Glc(1-1)Cer and Gal(a1-3)GalNAc(£1-4)|PC-6]- 
GIcNAc(£1-3)Man(f1-4)Glc(1-1)Cer respectively. 


DISCUSSION 


The various serological and analytical procedures performed 
in the present study for the characterization of O volvulus neutral 
and zwitterionic glycosphingolipid fractions varied in their 
specificities and detection limits. Immunochemically, neutral 
fraction CTH, CTetH and CPH were strongly immunoreactive 
with the anti-arthro-series hyperimmune serum, but chemically, 
HPTLC-orcinol/H,SO, staining, carbohydrate composition an- 
alysis, methylation analysis and MALDI-TOF-MS revealed these 
glycosphingolipids to be only minor components in comparison 
with CMH and CDH. Thus these findings differ from those of a 
previous study of Onchocerca spp. glycolipids, from adult worms 
of the bovine filarial nematode O. gibsoni, which suggested the 
presence of neutral components (orcinol/H,SO,-spray reagent) 
and acidic components (siahc acid-specific, resorcinol-spray 
reagent) by HPTLC [28]. Similarly, the O. volvulus pooled 
infection sera and the PC-specific mAb showed different patterns 
of immunoreactivity with O. volvulus zwitterionic glyco- 
sphingolipids, manifesting other immunologically dominant com- 
pounds besides component A, yet HPTLC-orcinol/H,SO,-stain- 
ing and methylation analysis demonstrated component A to be 
chemically the dominant zwitterionic glycolipid. While PC- 
substituted CTH and CTetH were easily detected by MALDI- 
TOF-MS, they were not detected by HPTLC-orcinol/H,SO, 
staining owing to the lower sensitivity of this method (cf. Figures 
2 and 3). 

The phylogenetic structural conservation between the oligo- 
saccharide backbone of neutral and zwitterionic glycosphingo- 
lipids from the Nematoda and Arthropoda is not so surpris- 
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ing in the light of recent data [29] showing the nematode 
lineage to be nearer to that of the arthropods than the Annelida. 
The ohgosaccharide cores are based on the prototypic, arthro- 
series glycosphingolipid CTetH of the blowfly Calliphora vicina, 
ie, GalNAc(f1-4)GIcNAc(£1-3)Man(£1-4)Glc(f1-1)Cer [30]. 
The predominant traits of the oligosaccharide moiety of O. 
volvulus neutral and zwitterionic glycosphingolipids were: (1) the 
neutral glycolipid fraction was represented by the components 
CMH and CDH (structurally analysed) and CTH-CPH (im- 
munochemically analysed only); (2) the zwitterionic glycolipid 
fraction was represented by the components CTH, CTetH and 
CPH with the third residue in the carbohydrate chain, GlcNAc, 
substituted by PC at position C-6, that extended the homology of 
structural conservation with the porcine parasite A. suum [1,21]; 
and (3) the zwitterionic components belonged to a biosynthetic 
series in which elongation proceeded by the stepwise attachment 
of the specified monosaccharide. The zwitterionic CPH of O. 
volvulus (the present study), A. suum [1] and Caenorhabditis 
elegans [31] represents a modulation of the insect-derived, arthro- 
series glycosphingolipid, because the prototypic CTetH can be 
extended in one of three ways, i.e., the addition of an a-GalNAc 
residue to yield component 5À, an a-Gal residue to yield 
component 5B or a f-Gal residue to yield component 5C 
[30,32,33]. Insect glycosphingolipids are elongated from CPH 
component 5A [30], whilst nematode glycosphingolipids utilize 
CPH component 5B as either a termination point [1,21] or for 
extension [31]. Besides the structures of O. voloulus PC-containing 
CTH, CTetH and CPH defined in the present study, pseudo- 
molecular ions have been detected in reflectron-mode MALDI- 
TOF-MS of the zwitterionic glycosphingolipid fraction before 
and after HF treatment (see, for example, signals at m/z 1710.6 
in Figure 3E and at 1608.9 in Figure 4€), which indicated 
the presence of a second PC-substituted CPH component with the 
putative composition PCHexNAc,Hex,Cer. Its resistance to a- 
galactosidase treatment indicated that the terminal galactose 
present in component A has been replaced by a HexNAc 
residue. The carbohydrate structure of this second CPH species 
may be analogous to the CPH component 5A [GalNAc(al- 
4)GalNAcf(1-4)GIcCNAc(£1-3)Man(fl1-4)Glc(f1-1)Cer] found in 
C. vicina [30], which has been found to occur, in part, with a PE 
modification [33]. However, this proposal was not examined 
further in the present study owing to the extremely small amounts 
of available material. 

The structures of PC-substituted N-linked glycans of excreted- 
secreted and somatic proteins from parasitic filarial nematodes 
[12,13] and the PC-substituted zwitterionic glycosphingolipids of 
parasitic and free-living nematodes ([1,31]; the present study) are 
highly conserved. The function(s) of these exogenous glyco- 
proteins of the former has been related to their immuno- 
modulatory properties and correlated with the longevity of 
filarial parasitism as survival factors in subverting the immune 
response of the host, a characteristic trait in the microfilaraemic 
state of infection [34]. The resultant cellular anergy is assumed to 
facilitate the persistence of the parasitic infection, but at the same 
time may protect the host against the development of parasite- 
induced immunopathogenesis, e.g, inflammation. The gen- 
eration and regulation of protective or pathogenic immune 
responses in filariases have been investigated intensively with the 
focus on those antigens that may elicit and confer protective 
immunity, whether they are known to be substituted with PC [35] 
or not [36,37]. 

The finding of PC-substituted glycosphingolipids and proteins 
in the free-living nematode C elegans [31], however, would argue 
for their function as endogenous factors in the worm itself. 
Nothing is known as to the biological significance of free-living 
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nematode-derived PC (macro)molecules, although, they have 
exhibited tissue- and stage-specific expression during ontogeny 
as potential markers for embryonic, hypodermal-seam cell differ- 
entiation and post-embryonic basement-membrane differen- 
tiation [31]. We have assumed that the highly conserved structures 
are an indication of their biological importance. The speculation 
is that the functional protein- and lipid-bound PC epitopes of the 
free-living nematode have been misappropriated by parasitic 
nematodes for additional roles relevant to the parasitic mode of 
existence, such as modulation of the host's immune response. 
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Mitochondrial respiratory function is impaired in the target 
tissues of patients with mitochondrial diseases and declines with 
age in various human tissues. It is generally accepted that 
respiratory-chain defects result in enhanced production of re- 
active oxygen species and free radicals in mitochondria. Recently, 
we have demonstrated that the copy number of mitochondrial 
DNA (mtDNA) is increased in the lung tissues of elderly human 
subjects. The mt DNA copy number was suggested to be increased 
by a feedback mechanism that compensates for defects in 
mitochondria harbouring mutated mtDNA and a defective 
respiratory system. However, the detailed mechanism remains 
unclear. In this study, we treated a human lung fibroblast cell 
line, MRC-5, with H,O, at concentrations of 90-360 uM. After 
the treatment for 24-72 h, we found that cells were arrested at G, 
and G, phases but that mitochondrial mass and mtDNA content 
were significantly increased in a concentration- and time-de- 


pendent manner. Moreover, the oxidative stress induced by 
buthionine sulphoximine was also found to cause an increase in 
mitochondrial mass of the treated cells. Increased uptake of a 
vital mitochondrial dye Rhodamine 123 and enhanced tetra- 
zolium [MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H- 
tetrazolium bromide] reduction revealed that the mitochondria 
increased by H,O, treatment were functional. In addition, 
the increase in the mitochondrial mass was also observed in 
cell-cycle-arrested cells induced by mimosine, lovastatin and 
genistein. Taken together, these findings suggest that the increase 
in mitochondrial mass and mtDNA content are the early 
molecular events of human cells in response to endogenous or 
exogenous oxidative stress through cell-cycle arrest. 


Key words: aging, cell-cycle arrest, hydrogen peroxide, mtDNA 
copy number, reactive oxygen species. 





INTRODUCTION 


Mitochondna are the intracellular organelles responsible for 
ATP synthesis through the coupling of oxidative phosphorylation 
to respiration in human and animal cells. Under normal physio- 
logical conditions, a small fraction of oxygen consumed by 
mitochondria is converted to superoxide anions, H,O, and other 
reactive oxygen species (ROS) [1]. Moreover, mitochondrial 
respiratory function has been demonstrated to decline in various 
human tissues during the aging process [2,3]. This is thought to 
be caused, at least partly, by oxidative damage and mutation of 
mitochondrial DNA (mtDNA) in somatic tissues of aged 
individuals [3]. 

Recently, we found that mtDNA copy number is increased in 
the lung tissues of elderly human subjects [4]. Moreover, we 
showed that mtDNA mutation, oxidative DNA damage and 
lipid peroxidation are increased during aging in the human lung 
[4—7] and other tissues [8,9]. These findings are consistent with a 
previous report that mtDNA contents are increased in the tissues 
of old rats [10] and of elderly subjects [11]. This increase in the 
content of mtDNA was thought to compensate for respiratory- 
function decline during the aging process [12]. However, the 
molecular mechanism underlying the increase of mtDNA associ- 
ated with respiratory-function decline in human aging remains 
unclear. 

Mitochondria are the major intracellular source and primary 
target of ROS, which are generated under normal conditions as 
by-products of aerobic metabolism in animal and human cells. It 


has been established that defects in the respiratory chain lead to 
enhanced production of ROS and free radicals in mitochondria 
[13-15]. Moreover, H,O, has been proposed to play a role as a 
secondary messenger in signal-transduction pathways [16,17]. 
The increase of ROS and enhanced oxidative stress stimulates 
the expression of early growth-related genes such as c-fos and c- 
jun [18]. Recently, H,O, was proposed to be involved in the 
communication between mitochondria and the nucleus [19,20]. 
Therefore, we hypothesized that the age-dependent increase in 
the production of superoxide anions and H,O, from mito- 
chondria is one of the factors involved in feedback compensation 
for the decline of respiratory function during the aging process 
[21]. 

To test this hypothesis, we exposed MRC-5, a human lung 
fibroblast cell line, to oxidative stress by treatment with low 
concentrations of H,O, or buthionine sulphoximine (BSO). The 
effect of oxidative-stress treatment on the copy number of 
mtDNA and mitochondrial mass in the cell was investigated. 


MATERIALS AND METHODS 

Cell culture 

Human lung fibroblasts, from the MRC-5 cell line, were cultured 
at 37 °C in humidified 5% CO,/95 % air in Dulbecco's modified 
Eagle's medium (Gibco/BRL, Bethesda, MD, U.S.A.) supple- 
mented with 10% fetal bovine serum, 50 units/ml penicillin G 


Abbreviations used mtDNA, mitochondrial DNA, ROS, reactive oxygen species; BSO, buthionine sulphoximine, NAO, 10-n-Nonyl-Acndine Orange; 
DCF, 2’,7’-dichlorofluorescein; DCFH-DA, 2’,7’-dichiorofluorescin diacetate, MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide, 


DOC, (3), 3,3'-dihexyloxacarbocyanine iodide 
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Figure 1 Celi growth and viability of MRC-5 cells treated with H,0, 


MRC-5 cells were treated with H,O, at concentrations from 90 to 360 uM After treatment for 
24—72 h, calls were enumerated using a haemocytameter (A), and the number of viable celis 
was determined by Trypan Blue exclusion (B) Data points represent measured values -+S D 
of two independent expenments performed on cells from threa separate dishes The differences 
In growth kinetics and viability between untreated and H,0,-treated cells were found to be 
Stalistically significant by using one-way ANOVA (*, P < 005). 


and 50 mg/ml streptomycin sulphate. Cells were subjected to a 
1:2 split every 4 days. 


Oxidative-stress treatment 


Oxidative-stress treatment was performed on cells that had all 
been cultured at the same density. An aliquot of 2.5 x 10° cells at 
25-35 passages was plated in triplicate in 25-cm? flasks 24h 
before treatment. For H,O, treatment, a suitable aliquot of 30% 
H,O, solution was freshly diluted into the culture medium before 
the experiment. Cells were exposed to the indicated concen- 
trations of H,O, for a fixed period of time under normal culture 
conditions as described above. To deplete intracellular gluta- 
thione, cells were treated with 1 or 2 mM BSO (Sigma, St. Louis, 
MO, U.S.A.) for 72 h. The treated cells were then washed once 
with Hanks' balanced salt solution (Gibco/BRL) and were 
harvested by trypsinization at various time points for further 
analysis. 


Treatment with drugs affecting the cell cycle 


To arrest the cell cycle, cells were treated with 200 uM mimosine, 
2.5 uM lovastatin or 504M genistein (Sigma) for 24h. The 
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treated cells were then washed once with Hanks’ balanced salt 
solution and were harvested by trypsinization at various time 
points for cell-cycle analysis and mitochondrial-mass deter- 
mination. 


Cell growth and viability assay 


Cells were harvested by trypsinization and resuspended in 1 ml 
of Medium 199 (Gibco/BRL). The cells were enumerated using 
a haemocytometer, and the number of viable cells was determined 
on the basis of their exclusion of 0.495 Trypan Blue. 


Cell-cycle analysis 


After treatment with H,O, or other chemicals, cells were trypsin- 
ized and resuspended in 70% ethanol. The cells were incubated 
on ice for at least 1 h and resuspended in 1 ml of cell-cycle assay 
buffer (0.38 mM sodium citrate, 0.5 mg/ml RNase A and 
0.01 mg/ml propidium iodide) at a concentration of 5x 10* 
cells/ml. Samples were stored in the dark at 4 °C until cell-cycle 
analysis, which was carried out by use of a flow cytometer and 
ModFit LT 2.0 software (Verity Software, Topsham, ME, 
U.S.A.). 


Determination of mitochondrial mass 


The fluorescent dye 10-n-Nonyl-Acridine Orange (NAO; Mol- 
ecular Probes, Eugene, OR, U.S.A.), which binds specifically to 
cardiolipin at the inner mitochondrial membrane independently 
of membrane potential (AF) [22,23], was used to monitor the 
mitochondrial mass [24]. Cells were trypsinized and resuspended 
in 0.5 ml of Medium 199 containing 10 uM NAO or 10 nM 
MitoTracker Green FM (Molecular Probes), which is pre- 
ferentially accumulated in mitochondria regardless of mito- 
chondrial membrane potential. After incubation for 10 min at 
25 °C in the dark, cells were transferred immediately to a tube on 
ice for flow-cytometric analysis. 


Dichiorofluorescin staining 


H,O, production by cultured cells was measured using the 
probe 2',7'-dichlorofluorescin diacetate (DCFH-DA; Molecular 
Probes) [24-26]. This probe is accumulated by cells and hydro- 
lysed by cytoplasmic esterases to become 2’,7’-dichlorofluorescin, 
which then reacts with H,O, to give the fluorescent product 2’,7’- 
dichlorofluoresceimn (DCF) [25]. Cells were incubated with 5 uM 
DCFH-DA in culture medium for 30 min at 37°C and then 
washed, resuspended in 0.5 ml of PBS, and submitted to flow- 
cytometric analysis. 


Measurement of mitochondrial membrane potential 


Cells were trypsinized and resuspended in 0.5 ml of Medium 199 
containing 0.5 ug/ml Rhodamine 123 (Molecular Probes) 
or 3,3’-dihexyloxacarbocyanine iodide [D1OC,(3); Molecular 
Probes]. After incubation for 30 min at 37 °C in the dark, cells 
were transferred immediately to a tube on ice for analysis of the 
fluorescence intensity by flow cytometry. 


Flow-cytometric analysis 


A FACScan flow cytometer (Becton Dickinson, Bedford, MA, 
U.S.A.) equipped with a 488-nm argon laser was used for the 
flow-cytometric analysis. Forward and side scatters were used to 
establish size gates and exclude cellular debris from the analysis. 
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Figure 2 Coll-cycle arrest Induced by H,0, 


MRC-5 cells were treated with 90-360 uM H,0,. After treatment for 24 h, the percentages of 
cells in GG, phase (A) and S phase (B) were analysed on a flow cytometer as described in 
the Matenals and methods section C, control 


The excitation wavelength was set at 488 nm. The observation 
wavelength of 530 nm was chosen for green fluorescence and 
585 nm for red fluorescence and the intensities of emitted 
fluorescence were collected on FL1 and FL2 channels, respect- 
ively. In each measurement, a minimum of 20000 cells were 
analysed. Data were acquired and analysed using the Cell Quest 
software (Becton Dickinson). Relative change in the mean 
fluorescence intensity was calculated as the ratio between 
mean fluorescence intensity in the channel of the treated cells 
and that of the control cells. 


Southern-blot hybridization 


For Southern-blot analysis, 5 ug of total DNA of the treated and 
control cells were linearized by digestion with BamHI (Boehringer 
Mannheim, Mannheim, Germany), and the digested DNA was 
electrophoresed at 50 V for 12h in a 1.0% agarose gel. DNA 
bands in the gel were denatured and transferred on to a Hybond 
N* nylon membrane (Amersham, Little Chalfont, Bucks., U K.). 
Hybridization with a [a-**P]dCTP-labelled human mtDNA probe 
of the D-loop region (spanning nucleotide positions 16455-1462) 
was carried out at 65 °C for 2h ın a rapid hybridization buffer 
(Amersham). The filter was washed with 2x SSC/0.195 SDS 
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Figure 3 Increase of mitochondrial mass In MRC-5 calls treated with H,0, 


(A) MRC-5 cells wore treated with 180 uM H,O, After 48 h of treatment, the mitochondrial 
mass of the cells stained with NAO was analysed by flow cytometry The area under the thin 
(left-hand) curve represents the population of control cells, and the area under the thick (right- 
hand) curve represents the population of H,0,-treated cells (B) MRC-5 cells were treated for 
24—72 h with 90-360 uM H,O., and the relative NAO intensity of treated cells was analysed 
by flow cytometry. Results are expressed graphically as percentages of the fluorescence 
intensity of the untreated control (C) cells Values are means-++SD of results from six 
independent experiments performed in triplicate Statistical analysis showed that the differences 
in the NAO intensity between the untreated and H,0,-treated cells were statisheally significant 
(*, P < 005 versus contro} 


(where 1 x SSC is 0.15 M NaCl/0.015 M sodium citrate) for 
15min at room temperature and then washed twice with 
0.1 x SSC/0.1 95 SDS for 15 min at 65 °C. The washed filter was 
wrapped with Saran Wrap ( clingfilm") and subjected to auto- 
radiography. 


MTT reduction assay 


Cells were treated with H,O, at the concentrations from 90 to 
360 uM as described above. After 48 h of incubation, cells were 
harvested and cell viability was determined by the Trypan Blue- 
exclusion method. For determination of mitochondrial function, 
we incubated the cells with 3-(4,5-dimethylthiazol-2-yl)-2,5-di- 
phenyl-2H-tetrazoltum bromide (MTT; Sigma) at a final con- 
centration of 2.0 ng/ml during the last 2h of the incubation 
period. The cells were lysed with DMSO and the absorbance at 
570 nm was measured. An MTT reduction index was calculated 
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as the ratio between the absorbance at 570 nm and the number 
of viable cells [27]. 


Statistics 


Data are presented as means+S.D. except where indicated. 
Comparisons among multiple groups were made by a one-way 
analysis of variance (ANOVA) followed by Fisher’s protected 
least significant difference post hoc test. The differences with P < 
0.05 were considered significant. 


RESULTS 


After treatment for 24-72 h with 90-360 4M H,O,. growth 
kinetics and viability of MRC-5 cells were affected in a dose- 
dependent manner as shown in Figure 1(A) and 1(B), respectively. 
We found that the untreated cells and the cells treated with 
90 aM H,O, kept growing steadily, but growth retardation was 
observed in the cells treated with 180 or 360 «M H,O,. Moreover, 
the rate of increase in the number of the cells treated with 90 or 
180 aM H,O, was significantly lower than that of the untreated 
cells (P « 0.05, Figure 1A). Most of the cells treated with 180 or 
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Figure 4 Increase of mitochondrial mass in MRC-5 cells treated with BSO 


After treatment of MRC-5 cells with 1 or 2 mM 850, the production of ROS in the cells, 
monitored by OCF fluorescence, increased with time (A). After 72h of treatment, the 
mitochondrial! mass of the cells stained with NAO was analysed by flow cytometry (B). Results 
are expressed graphically as percentages of the fluorescence intensity of the untreated (C) cells. 
Values are means-- S.D. of the results from two independent experiments performed in 
triplicate. Statistical analysis showed that the differences in the DCF or NAO intensity between 
the untreated and BSO-treated cells were statistically significant C, P « 0.05 versus control). 
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Figure § Increase of mtDNA content in MRC-5 celis treated with H,0, 


After treatment of MRC-5 celis with 180 uM H,O, for 24-72 h, the relative mtDNA content of 
the H,O,-treated ceils (H) was determined by Southern-blot hybridization (A). The DNA band 
intensities were analysed by scanning densitometry and mtDNA content was corrected for 
variation in sample loading by normalization with the DNA band intensity of the 18 S rRNA 
gene. (B) Results are expressed graphically as percentages of the mtDNA band intensity of the 
untreated (Ci cells. Values are means + S.D. of the results from three independent experiments. 
Statistical analysis showed that the differences in the mtDNA band intensity between the 
untreated and H.O.-treated cells were statistically significant C, P « 0.05 versus control). 


360 4M H,O, appeared enlarged, flattened, and less spindle- 
shaped as compared with the control cells at the end of 24-h 
treatment (results not shown). We also found that the viability of 
the cells treated with 180 or 360 4M H,O, was lower than that 
of the control cells (P « 0.05), but still remained 80°, after 
72-h treatment (Figure 1B). Furthermore, we found that 24h 
after treatment the percentage of cells in G, and G, phases was 
increased (Figure 2A), and that the percentage of cells in the S 
phase decreased as a function of H,O, concentration (Figure 
2B). 

In an attempt to determine whether H,O, leads to the 
proliferation of mitochondria, we used the fluorescent dye NAO 
to monitor the mitochondrial mass [22-24]. After treatment for 
24-72 h with the indicated concentrations of H,O,. the relative 
NAO intensity of the treated cells was found to be significantly 
higher than that of the untreated cells (P « 0.05, Figure 3). The 
relative NAO intensity of the treated cells was increased to 
1.3-2.5-fold as compared with that of the control cells, depending 
on the H,O, concentration and the duration of incubation 
(Figure 3). We observed a similar increase in the relative intensity 
of another fluorescent dye, MitoTracker Green FM (results not 
shown). These results indicate that the oxidative stress induced 
by H,O, can lead to an increase in the number of mitochondria 
in MRC-5 cells in a concentration- and time-dependent manner. 
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Figure 6 Membrane potential is normal In the extra mitochondria of the 
H,D,-treated cells 


After treatment of MRC-5 cells with 90 or 180 uM H-0, for 48 h, the mitochondnal mass and 
membrane potential were measured by flow cytometry after staining the cells with NAO 
and Rhodamine 123 (Rh123), respectively The relative intensity is expressed graphically as a 
percantage of the fluorescence intensity of the untreated cells The increase in mitochondrial 
membrane potential and mitochondria] mass were correlated throughout the 48-h period of 
the experiment (r = 0982, P < 00001) 


In addition to the oxidative stress induced by H,O,, BSO, an 
inhibitor of the glutathione biosynthetic pathway, was used to 
treat the cultured cells. After treatment with 1 or 2 mM BSO, we 
found that the concentration of ROS in the cells, as revealed by 
staining with DCFH-DA, increased with time (P « 0.05, Figure 
4A). After treatment for 72 h with 1 or 2 mM BSO, the relative 
intensity of NAO of the treated cells was increased to 1.6- or 2.2- 
fold as compared with that of the control cells, respectively (P « 
0.05, Figure 4B). These results indicate that not only H,O, but 
also glutathione depletion can lead to an increase in the number 
of mitochondria in MRC-5 cells. 

Using Southern-blot hybridization, we determined the mtDNA 
content of the MRC-5 cells after treatment with 180 uM H,O, 
for 24—72 h. We found that the mtDNA content of the treated 
cells was higher than that of the untreated cells and increased 
with the duration of incubation (Figure 5). This increase of 
mtDNA content was consistent with the observation of pro- 
liferation of mitochondria in the H,O,-treated cells as revealed 
by NAO staining. 

To analyse whether the extra mitochondria in the H,O,- 
treated cells were functional, we measured mitochondrial mem- 
brane potential of the treated cells by staining with Rhodamine 
123 [25]. The relative intensity of Rhodamine 123 of the H,O,- 
treated cells was significantly higher than that of the control cells 
and was increased with the duration of incubation (results not 
shown). The increase in mitochondrial membrane potential 
correlated well with the increase in mitochondrial mass through- 
out the 48h period of the experiment (r = 0.982, P « 0.0001, 
Figure 6). The mitochondrial membrane potential per unit 
mitochondrial mass, expressed as the ratio of fluorescence 
intensity of Rhodamine 123 to that of NAO, appeared to be 
similar throughout the 48h of the experiment (Figure 6). 
Moreover, we observed similar results using another fluorescent 
dye, DiOC,(3), the uptake of which is sensitive to mitochondrial 
membrane potential (results not shown). 


Percent of control 





0 100 200 300 400 


3 8 8 


MTT reduction index (% of control) 





150 
100 
$0 
0 
90 180 - 360 
H207 (uM) 


Flgure7 The Increased mitochondria In the H,0,-treated calls are functional 


Cells were treated with H,O, at concentrations from 90 to 360 4M as descnbed in the text 
After 48 h of incubabon, the capacity of the treated cells to reduce MTT was analysed as 
described in the Materials and methods secbon Tha absorbance at 570 nm of the formosan 
formed in the MIT assay (@) and the number of viable cells ((O) were determined 
concurrently after incubation of the MRC-5 cells for 48 h with the Indicated concentrations of 
HO, and are expressed as percentages of the control (A) MTT reduction index was calculated 
as the ratio between the absorbance at 5/0 nm and the number of viable cells counted using 
a haemacytometer after 48 h of incubation with indicated concentrations of H,0, (B) The data 
are expressed as the percentage of controls (C, means-- SD) from two independent 
experiments in tnplicate Statistical analysis showed that the differences in MTT reduction index 
between H,0,-treated and control celis are statistically significant (*, P < 0 05 versus control) 


For the assessment of mitochondrial function, we analysed the 
capacity of H,O,-treated cells to reduce MTT. We found that 
although the number of the viable cells after H,O, treatment was 
significantly decreased (P < 0.05), the absorbance at 570 nm of 
the remaining cells was only shghtly decreased as compared 
with the untreated cells (Figure 7A). An arbitrary MTT reduction 
index, calculated as the ratio between the absorbance at 570 nm 
and the corresponding number of viable cells, revealed a sig- 
nificant increase in the relative MTT activity (P < 0.05, Figure 
7B). These results indicate that the mitochondria increased in the 
H,O,-treated cells were functional. 

To test whether the alteration of mitochondrial mass and 
mtDNA copy number in the cell might be uncoupled from the 
cell-cycle-controlled biosynthesis of chromosomal DNA, we 
treated MRC-5 cells with mimosine, lovastatin or genistein, 
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Figure 8 Cell-cycle arrest induced by mimosine, lovastatin and genistein 
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MRU-5 cells were treated with 200 aM mimosine, 2.5 aM lovastatin and 50 zM genistein in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. After 24 h of incubation 
at 37 °C, the cell cycle was analysed on a flow cytometer as described in the Materials and methods section. Typical results from untreated cells (A and cells treated with mimosine (B), lovastatin 


(C) and genistein (D) are presented. 
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Figure 9 increase of mitochondrial mass in MRC-5 cells treated with drugs 
affecting the cell cycle 


MRU-5 cells were treated with 200 aM mimosine, 2.5 aM lovastatin and 50 &/M genistein to 
cause cell-cycle arrest. After 48 h of incubation at 37 °C, the relative NAO intensity of treated 
cells was analysed by flow cytometry as described in the Materials and methods section. The 
results are expressed graphically as a percentage of the fluorescence intensity of the untreated 
MRC-5 cells. Values are meansd- S.D. of the results obtained from three independent 
experiments. Statistical analysis showed that the differences in the NAG intensity between the 
untreated and drug-treated cells were statistically significant (", P < 0.05 versus control). 


which cause cell-cycle arrest. We found that after 24h of 
treatment the cell cycle was arrested at the late G,, G,/G, and 


G,/M phases by mimosine, lovastatin and genistein, respectively 
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(Figure 8). Moreover, after 48 h of treatment the relative intensity 
of NAO of the treated cells was increased to 2.3-, 1.7- and 2.1- 
fold, respectively, as compared with that of the control cells 
(P < 0.05, Figure 9). 


DISCUSSION 


Each human and animal cell contains between several hundred 
and over a thousand mitochondria, each carrying 2-10 copies of 
mtDNA. The mitochondrial mass and mtDNA copy number 
of individual cells vary with the type of the cell and tissue, and 
are changed during cell differentiation, hormone treatment 
and exercise [28-31]. 

In the present study, we observed growth arrest in human lung 
fibroblasts treated with low concentrations of H,O, (Figures 1 
and 2). It is apparent that H,O, at concentrations of between 
90 and 180 4M increased the population-doubling time and that 
360 4M H,O, caused a permanent growth arrest. Most of the 
treated cells exhibited significant alterations in morphology as 
compared with the control cells. The resuits are consistent with 
the previous observations that H,O, at sublethal concentrations 
can induce senescence-like growth arrest in human cells [32,33]. 
Moreover, we found in this study that the oxidative stress 
induced by sublethal concentrations of H,O, caused an increase 
in the amount of mitochondria and mtDNA of the treated cells 
and that the increased mitochondria were functional. Further- 
more, the oxidative stress induced by reduction of the intracellular 
glutathione level with BSO was also found to increase mito- 
chondria in the treated cells (Figure 4). In a separate experiment. 
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we exposed MRC-5 cells to 20 uM antimycin A and observed 
that the ROS generation in the treated cells was increased 2-fold 
compared with that of the untreated cells after 30 min of 
treatment. Moreover, after treatment for 72 h, we found that the 
relative intensity of NAO in the treated cells was increased to 2.6- 
fold compared with that of the control cells. This is consistent 
with the observation that by partial inhibition of respiratory 
function by antimycin A, the expressions of both cytochrome c, 
and cytochrome b are increased in human fibroblasts [34]. 
Moreover, intracellular H,O, level was found to increase within 
3h prior to expression of these genes. These results indicate 
together that mild oxidative stress can trigger cell-cycle arrest 
and lead to an increase of mitochondrial mass and mtDNA in 
human cells. 

Increases of mitochondria and mtDNA synthesis have been 
observed to occur in the absence of nuclear DNA replication 
[35]. The alteration of mitochondrial mass and mtDNA ın the 
cell might be uncoupled from the cell-cycle-controlled bio- 
synthesis of chromosomal DNA. To confirm this, we treated 
MRC-5 cells with lovastatin, genistein or mimosine and observed 
that these drugs caused cell-cycle arrest (Figure 8). In addition, 
the mitochondrial mass was increased, to a different extent, in the 
cells after 48 h of treatment (Figure 9). It is worth noting that 
the amplitude of increase of the mitochondrial mass in the cells 
treated with the cell-cycle-arresting drugs was similar to that in 
the H,O,-treated cells within the same treatment period. The 
results imply that whereas overall cell division was arrested by 
H,O, or the drugs, mitochondrial biogenesis was unaffected and 
that mitochondria continued to proliferate as if the cells were 
going to divide. Thus, mild oxidative stress may induce an 
increase of mitochondria and mtDNA via a pathway that 
bypasses cell-cycle control. 

Increase of mitochondria has also been observed in some 
tumour cells treated with herbimycin A and genistein [24,27]. 
Mancini et al. [24] found that herbimycin A, a tyrosine kinase 
inhibitor, induces cell-cycle arrest in G,/M and results in a 
marked accumulation of mitochondria in a human colon car- 
cinoma cell line (Colo-205). In addition, the G,/M cell-cycle 
arrest and increase of mitochondrial number and/or function 
were also observed in three tumour cell lines (MCF-7, human 
breast tumour; Jurkat cells, human T-cell leukaemia; and L-929, 
mouse transformed fibroblasts) after treatment of genistein [27]. 
The results obtained in these studies are consistent with our 
findings and support the notion that the cell-cycle arrest induced 
by oxidative stress plays a critical role in the increase of 
mitochondna and mtDNA. 

Furthermore, it has been found that the relative content of 
mtDNA is increased with age and that the mtDNA content is 
correlated with the level of oxidative damage to DNA in human 
lung tissues [4]. Both oxidative DNA damage and lipid per- 
oxidation are enhanced during aging in the human lung [4—7], 
indicating that there is a higher oxidative stress in the tissues of 
aged individuals. Therefore, the endogenous and/or exogenous 
oxidative stress in the lung of eiderly subjects may cause cell- 
cycle arrest and thereby increase the amount of mitochondria 
and mtDNA in lung tissues. 

In summary, we have demonstrated clearly for the first time 
that oxidative stress induced by H,O, leads to an increase of 
mitochondria and mtDNA in human lung fibroblasts Moreover, 
the mitochondria increased by H,O,-elicited oxidative stress are 
functional. We therefore suggest that the increase in muto- 
chondrial mass and mtDNA content may be one of the early 
molecular events gearing the human cells up to respond to 
endogenous or exogenous oxidative stress through cell-cycle 
arrest. 
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Perivenous localization of insulin receptor protein in rat liver, and 
regulation of its expression by glucose and oxygen in hepatocyte cultures 
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Insulin stimulates glucose utilization in the liver, which occurs 
mainly in the less aerobic, perivenous, zone. Accordingly, the 
insulin receptor protein was predominantly expressed in this 
area, although the insulin receptor mRNA was homogeneously 
distributed. In hepatocyte cultures venous O, partial pressure 
(pO,) induced insulin receptor protein expression. High glucose 


concentrations enhanced insulin receptor protein under arterial 
and venous pO,. The induction of insulin receptor protein by 
venous pO, would explain its zonated expression. 


Key words: carbohydrate, hormones, hypoxia, metabolic zona- 
tion. 





INTRODUCTION 


Insulin, a peptide hormone composed of an A chain, with 21 
amino acids, and a B chain, with 30 amino acids, linked by two 
disulphide bridges, activates hepatic glucose utilization via gly- 
colysis and glycogen synthesis. Insulin acts via an ectocellular 
receptor, which is a transmembrane glycoprotein consisting of 
two æ- (130 kDa) and two £- (95 kDa) chains [1] linked to each 
other by disulphide bridges. On binding of insulin to the two 
ectocellular a-chains [2] the membrane spanning f-chains of 
the insulin receptor are autophosphorylated [3,4]. The auto- 
phosphorylated insulin receptor is an activated protein tyrosine 
kinase [5] which triggers the phosphorylation of effector proteins, 
such as insulin receptor substrate-1 (IRS-1), at multiple tyrosine 
residues [6]. The phosphotyrosine residues of the IRS-1 function 
as docking sites for Src homology (‘SH2’) domains of 
other proteins, e.g. phospholipase Cy and phosphatidylinositol 
3-kinase [1]. 

The major target organ for insulin is the liver, which exhibits 
& heterogeneous distribution of key enzymes and subcellular 
structures between periportal and perivenous areas. The zonal 
enzyme distribution in conjunction with functional studies 
led to the model of metabolic zonation [7-12]. Accordingly, 
glucose uptake for glycogen synthesis and glycolysis occurs 
mainly in the perivenous area; conversely, glucose release from 
glycogenolysis and gluconeogenesis takes place preferentially 1n 
the periportal area. Due to metabolism, concentration gradients 
of substrates, such as oxygen and hormones, are formed during 
a single passage of blood through the liver [7,11,12]. The 
O, partial pressure (pO,) falls from periportal values of 
approx. 65 mmHg (1 mmHg z 133.3 Pa) to perivenous values 
of approx. 35 mmHg. The glucagon concentration is decreased 
by approx. 50% and the insulin concentration only by approx. 
1595 after meals. Thus during the absorptive phase the con- 
centrations of oxygen and glucagon are relatively higher in 
the periportal area; conversely, the concentration of insulin is 
relatively higher in the perivenous zone. The oxygen gradient 


was considered to be a key regulator for the zonal expression of 
the genes of carbohydrate-metabolizing enzymes [7,10—12]. The 
zonation of key enzymes and capacities of metabolism within the 
liver are well understood, but little is known about the distri- 
bution of hormone receptors, except that the glucocorticoid 
receptor was found to be homogenously distributed [13] and 
that glucagon receptor mRNA was predominantly expressed 
periportally [14] 

Since the insulin-stimulated process of glycolysis together with 
its rate-lImuiting enzyme, the insulin-dependent glucokinase, were 
found predominantly in the perivenous zone, the insulin receptor 
gene would be expected to be expressed mainly in this less 
aerobic area. Therefore it was the aim of the present study to 
investigate the zonation of insulin receptor gene expression in rat 
liver and to study the regulation of its expression by the substrates 
glucose and O, ın rat primary hepatocyte cultures. In line with 
expectations tbe insulin receptor protein was predominantly 
localized perivenously and could be induced in primary 
hepatocyte cultures at basal glucose levels by perivenous pO,. 
Since insulin and the insulin receptor are coupled to glucose 
utilization the induction of insulin receptor gene expression by 
glucose in the absorptive phase would be in line with expectations. 


MATERIALS AND METHODS 


All biochemicals and enzymes were of analytical grade and were 
purchased from commercial suppliers. 


Animals 


Male Wistar rats (200—260 g) were kept on a 12 h day/12 h night 
cycle (light from 07:00-19:00 h) with free access to water and 
food. Rats were anaesthetized with pentobarbital (60 mg/kg 
body weight) prior to preparation of hepatocytes between 08:00 h 
and 09:00 h. 


Abbreviations used cMAP, canalicular multidrug resistance protein, DIG, digoxigenin, ECL, enhanced chemiluminescence, FCS, fetal calf serum; 
GS, glutamine synthetase, IRS-1, insulin receptor substrate 1; PCK1, cytosolic phosphoenolpyruvate carboxykinase 1, L-PK, pyruvate kinase L., 


PO», O, partial pressure (O, tension) 
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Cell culture experiments 


Liver cells were isolated by collagenase perfusion. Cells (1 x 109/ 
dish) were maintained under standard conditions in an at- 
mosphere of O,/N,/CO, (16:79:5, by vol.) 1n medium M 199 
containing 0.5 nM insulin, added as a growth factor for culture 
maintenance, 100 nM dexamethasone, required as a permissive 
hormone, and 4% (v/v) fetal calf serum (FCS) for the initial 
4h of culture. After 4 h, cells were cultured in serum-free M 199 
at 16% O, (mimicking arterial pO,) or 8% O, (mimicking 
venous pO,) with additions as described in the Figure legends. 
The O, values take into account the O, diffusion gradient from 
the media surface to the cells [15]. 


RNA preparation, cDNA synthesis and competitive PCR 


Total RNA was prepared from 3 x 10° cells using a NucleoSpin 
Kit (Macherey and Nagel, Diiren, Germany). For cDNA syn- 
thesis 2 ug of RNA was incubated with 500 ug/ml Oligo-dT,, ,, 
(Pharmacia Biotech, Freiburg, Germany) and 1 wl of 10x 
hexanucleotide mix (Roche, Mannheim, Germany) in a volume 
of 12 ul at 68 ?C for 10 min, and was subsequently chilled on ice 
for 10 min. To this, a total of 13 ul of cDNA synthesis mix, 
containing 5 ul of 5x reaction buffer, 2.5 ul of 0.1 mM dithio- 
threitol, 1 5 ul of 10 mM dNTP mix, 40 units of RNasin and 200 
units of Superscnpt® II RT (Gibco BRL, Eggenstein, Germany), 
was added. Incubations were carried out for 90 min at 42 ?C, 
30 min at 52°C, 15 min at 95°C and finally the mixture was 
cooled on ice. A 1 ul sample of this cDNA preparation was used 
in competitive PCR. The principle of competitve PCR is that 
target cDNA and a competitor DNA compete for the use of the 
same primers. The amount of the target cDNA can then be 
quantified via gel electrophoresis by comparing the intensity of 
the stained target PCR product with the intensity of the PCR 
product amplified from the known concentration of competitor 
DNA. The DNA competitor was prepared using a Competi- 
tive DNA Construction Kit (Takara, Heidelberg, Germany) as 
outlined in the manufacturer's protocol The 5'-end and the 3’- 
end of the competitor can bind the primers which are used to 
amplify the insulin receptor cDNA. The competitor PCR product 
was distinguishable from the insulin receptor PCR product, 
because the size and internal sequence were different. The 
competitor was constructed by using hybrid primers containing 
sequences of the target cDNA (insulin receptor) and sequences of 
the competitor DNA: sense primer, S-CAGGCATGCAATC- 
AGGACTCGTACGGTCATCATCTGACAC-3'; antisense 
prumer S'-AACGTATACGGAAGATGGAAAGACACTGC- 
GTGTTGAGCTTGA-3' (underlining indicates the insulin re- 
ceptor sequence; the rest of the sequence corresponds to the 
ADNA sequence). The competitor had a size of 489 bp. 

This competitor DNA was added in various concentrations 
to the PCR, while the amount of cDNA remained constant. 
Competitive PCR was performed by using lul of cDNA 
preparation, various concentrations of competitor DNA (as 
descibed in the Figure legends), 20 pmol of sense primer [bp 
2817-2836 from rat insulin receptor cDNA (GenBank accession 
number M290145); 5'-CAGGCATGCAATCAGGACTC-3], 
20 pmol of antisense primer (bp 3363-3386 from rat insulin 
receptor cDNA; 5’-AACGTATACGGAAGATGGAAAGAC- 
3) 1al of DMSO, 44 of 2.5mM dNTP mix, 54 of 
10 x buffer and | unit of Taq polymerase (Takara, Heidelberg, 
Germany) in a final volume of 50 ul. PCR reactions (35 cycles) 
were carried out at 95 °C for 1 min, 53 °C for 1 min and 72 °C for 
2 min. A 570 bp product (insulin receptor cDNA) and a 487 bp 
product (competitor DNA) were expected; the PCR products 
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were analysed by electrophoresis on a 2% agarose gel and their 
identities were checked by sequencing. 


in situ hybridization 


Liver üssue of normal fed rats was embedded in paraffin wax, 
5 um sections were prepared and paraffin wax was removed from 
the liver sections with xylene. The sections were then rehydrated 
with descending concentrations of ethanol and finally equilibrated 
in PBS. They were subsequently permeabilized in 0.3 % Triton X- 
100, 10 ug/ml protemase K and 4 mg/ml glucosidase for 15 min 
at 37°C, and finally incubated in 0.1 M triethanolamine (pH 
8.0) containing 0.25% acetic acid anhydride for 10 min. For 
hybridization, digoxigenin (DIG)-labelled antisense RNA tran- 
scripts served as hybridization probes. The cDNA of the insulin 
receptor (537 bp; nt 1171-1707) was cloned into pBS and 
transcribed into antisense RNA by using T3 RNA polymerase 
and DIG RNA labelling mixture (Roche). Cytosolic phospho- 
enolpyruvate carboxykinase 1 (PCK1) antisense RNA was 
synthesized from pBS-PCK containing a 1200 bp Pst] cDNA 
fragment [20] by using T3 RNA polymerase and DIG RNA 
labelling mixture. The DIG-labelled antisense insulin receptor 
RNA and PCK1 antisense RNA were hydrolysed to lengths of 
200—300 bp in the presence of sodium carbonate buffer (pH 10.2). 
Hybridization was performed overnight with 25 ng of RNA 
probes at 42°C in 100 xl of hybridization solution, contain- 
ing 50% (v/v) formamide, 10% (w/v) dextran sulphate, 
] x Denhardt’s solution (0.02% BSA, 0.02% polyvinylpyrro- 
lidone and 0.02% Ficoll) and 0.5 mg/ml Escherichia coli DNA 
in 4xSSC (where 1xSSC is 0.15 M NaCl/0.015 M sodium 
citrate, pH 7.0). After hybridization, sections were washed in 
4 x SSC and non-hybridized RNA was digested by incubation 
with RNaseA (10 ug/ml) for 30min. Bound DIG-labelled 
hybrids were detected by enzyme-linked immunoassay using an 
anti-DIG alkaline phosphatase conjugate, and visualized via a 
colour reaction with Nitroblue Tetrazolium and 5-bromo-4- 
chloroindol-3-yl phosphate as substrates (Roche). 


Western-blot analysis 


Cultured primary hepatocytes in 60 mm diameter dishes were 
washed with 0.9% NaCl and then frozen for 10 min at —20 °C. 
The cells were scraped in 1 ml of boiled SDS buffer [10 mM 
Tris/HCl (pH 7.5)/0.1% SDS], boiled for 5 min, homogenized 
through a 25 G needle and centrifuged at 15800 g for 5 min. 
Protein content 1n the supernatant was determined using the 
Bradford method. Protein samples (30—50 ug), dissolved in 27 ul 
of SDS sample buffer [16], were loaded on to an SDS-10% 
polyacrylamide gel and after electrophoresis blotted on to nitro- 
cellulose membranes. Non-specific binding sites were blocked 
with blocking buffer [10 mM Tris/HCl] (pH 7.5), 100 mM 
NaCl, 0.1 95 Tween 20 and 10% (w/v) milk powder]. Blots were 
incubated with the primary polyclonal rabbit antibody against 
the f-chaim of the human insulin receptor (Affiniti, Exeter, 
Devon, U.K.) at a 1:250 dilution in blocking buffer overnight at 
4°C. Washing was performed with blocking buffer without the 
milk powder. The secondary antibody was an anti-rabbit IgG 
from goat (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) 
and was used at a 1:2000 dilution for 1 h. After washing for 
30 min the enhanced chemiluminescence (ECL) Western-blotting 
system (Amersham, Braunschweig, Germany) was used for 
detection. Under these conditions, the insulin receptor f-chain 
was visible as two bands, of 95 kDa and 69 kDa, caused by 
different glycosylation status. 
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Immunohistochemistry 


Liver tissue of normal fed rats was embedded in paraffin wax, 
5 um sections were prepared and paraffin wax was removed from 
liver sections with xylene. The sections were then rehydrated with 
descending ethanol concentrations and finally equilibrated for 
10 min in TBS [50 mM Tris/HCl (pH 7.5)/150 mM NaCl]. For 
detection of insulin receptor protein after rehydratation, the 
sections were washed three times with H,O and boiled for 
2.5 min in citrate buffer (1.8 mM mono-citrate and 8.2 mM tri- 
sodium-citrate, pH 6) at 360 W in a microwave oven. The sections 
were subsequently treated with 100 xl of pepsin [0.4",, (w/v) 
pepsin in 0.01 M HCI] for 5 min at 37 °C and were washed again 
in TBS for 10min. To prevent non-specific binding of the 
primary antibody, the sections were blocked with 20°, (v/v) 
FCS in TBS for 30 min at 37 *C. The diluted primary antibody 
was applied in 0.1^, BSA in TBS overnight at 37°C. The 
following were used as primary antibodies: insulin receptor /- 
chain antibody (Affiniti) at 1:100 dilution and glutamine synt- 
hetase (GS) antibody (Affiniti) at 1:100 dilution were used as 
perivenous markers [17,18] and EAGIS polyclonal antibody at 
1:100 dilution, raised against the C-terminus of the rat canalicular 
multidrug resistance protein (CMRP), was used as a membrane 
marker [19]. The peroxidase-conjugated secondary antibodies 
were used at 1:100 dilution in 0.1°,, BSA in TBS for 30 min at 
37 °C. After washing, the sections were incubated with a 1:10 
dilution of diaminobenzidine (Pierce, Rockford, IL. U.S.A.) in 
| x peroxidase buffer (Pierce) for 10 min. The reaction was 
stopped in TBS and the sections were covered with DePex 
(Serva, Heidelberg. Germany) and photographed. 


RESULTS 


The possible zonated insulin receptor gene expression in rat liver 
was studied by in situ hybridization and immunhistochemistry. 
Primary rat hepatocyte cultures were used to study the influence 
of the substrates glucose and oxygen as possible determinants for 
the zonated gene expression. 


Homogeneous distribution of insulin receptor mRNA in rat liver 


In situ hybridization with paraffin-embedded sections from rat 
liver showed that insulin receptor mRNA was equally distributed 
over the liver acinus (Figure 1). In parallel sections, PCK | 
mRNA, which served as a periportal marker [20], was localized 
in the periportal area (Figure 1). GS mRNA, which is a 
perivenous marker [17.18], was found to be expressed in the 
distal perivenous area only (results not shown). Since there was 
no zonation of insulin receptor mRNA expression in rat liver, the 
regulation of a possible zonation of the insulin receptor might 
occur at the post-transcriptional level. 


Perivenous zonation of insulin receptor protein in rat liver 


The distribution of the insulin receptor protein was studied by 
immunhistochemistry using sections from paraffin-embedded rat 
liver, which were incubated with an antibody against the 
#-subunit of the insulin receptor. The insulin receptor protein 
was predominantly localized in the perivenous zone (Figure 2A), 
mainly in the plasma membranes (Figure 2B) In 
parallel sections, GS protein was detected in the distal perivenous 
area (Figure 2A). In contrast to the GS protein, which was 
expressed only in the last two cell layers around the central 
vein (distal perivenous zone). the insulin receptor protein 
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Figure 1 Homogenous distribution of insulin receptor mRNA in rat liver 


Parallel sections (5 zm) were prepared at the end of the feeding period trom livers of rats kept 
under a normal daily feeding cycle. mRNAs were localized by /n sifu hybridization using DIG- 
labelled insulin receptor (InsR) and PCK1 antisense RNA probes, and an alkaline phosphatase 
conjugated antibody against DIG (see the Materials and methods section). Dark precipitates 
indicate high levels of InsR mRNA throughout the tissue, and of PCK1 mRNA in the periportal 
area. pp. periportal; pv, perivenous. Bar, 200 jm 





Figure 2 Perivenous zonation of insulin receptor protein in rat liver 


(A) Localization of insulin receptor protein in the tissue. Parallel sections (5 am) were prepared 
at the end of the feeding period from livers of rats kept under a norma! daily feeding cycle 
Proteins were localized by immunhistochemistry using a polyclonal rabbit antibody raised 
against the /-chain of the insulin receptor (InsR) or a mouse antibody raised against sheep 
GS, as primary antibodies, and a peroxidase-conjugated secondary antibody against rabbit or 
mouse IgG (see the Materials and methods section). Dark precipitates indicate high levels of 
InsR protein and GS protein. pp. periportal; pv, perivenous. Bar, 200 um. (B) Localization 
of insulin receptor protein on the basolateral cell membrane. Immunhistochemistry was 
performed as described in (A). A polyclonal antibody against the C-terminus of the rat cMRP 
was used as a membrane marker [19]. Bar, 20 pm 


was found in all zones, with a predominance in the intermediate 
and the distal perivenous zones. These results were identical with 
the results obtained with an antibody against the x-subunit of the 
insulin receptor (results not shown). As a positive control for 
the presence of the insulin receptor protein on the outer cell 
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Figure 3 Induction of insulin receptor mRNA by glucose under periportal 
and pertvenous pO, In rat primary hepatocyte cultnres 


(A) Calls were cultured for 4 h under arterna! pQ, (16% 0.) at the basa! glucose levels (5 mM) 
of tha culture medium M 199 Giucose was then added to the final indicated concentrations and 
the cells were cultured under arterial or venous pO. (8% 0.) for a further 24 h Cells were 
harvested and total RNA was prepared Total RNA (2 ug) was used to generale cDNA by reverse 
transcripüon, which was used with different concentrations of competitor DNA (1 75-1750 fg), 
sense pnmer and antisense primar in competitrve PCR (sea the Materials and methods sechon) 
In each expenment with basal glucose under arterial pO; the insulin receptor (InsR) mRNA 
levels were set to 100% when equimolar amounts of InsR cDNA and competitor DNA were 
present (17 5 fy = 100%) Values are means -+S EM of three Independent culture expenments 
Statistics Student's ¢ test for paired values “significant difference between basal glucose 
versus high glucose, P< 005 (B) Competitive PCR PCR products with a size of 570 bp 
(InsR) and 489 bp (Competitor DNA) were separated in a 2% agarose gel Glc, glucose, Comp, 
competitor 


membranes, parallel sections were treated with an antibody 
against the isoform of the cMRP, which is localized on the 
canalicular membranes (Figure 2B). Thus the insulin receptor 
protein was predominantly expressed in the perivenous area, in 
which the insulin-activated pathways of glycolysis and glycogen 
synthesis have been localized previously [7,11]. 


Induction of insulin receptor mRNA by glucose in primary 
hepatocyte cultures 


To study the influence of the substrates oxygen, as a key regulator 
of the zonated gene expression, and glucose, hepatocyte cultures 
were treated with increasing glucose levels and incubated under 
arterial or venous pO,. In 4-h rat hepatocyte cultures the 
expression of insulin receptor mRNA was induced within 24 h by 
increasing glucose concentrations from 5 mM up to 50 mM 
to the same extent under periportal pO, and perivenous pO, 
(Figure 3). Glucose (25 mM) induced insulin receptor mRNA 
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Figure 4 Induction of Insulin receptor protein by porivenous pO, at basal 
glucose levels and by high glucose concentrations under periportal and 
pervenous pO, In rat primary. hepatocyte cultures 


(A) Cells were cultured for 4 h under arteria! pO, (16% 0,) at the basa! glucosa levels (5 mM) 
of the culture medium M199 The cells were cultured under artenal or venous pO, (8% 0.) for 
a further 24 h with the glucose concentration being raised to 25 mM, when indicated Total 
protein was analysed by Western blotting using a polyclonal rabbit antibody raised against the 
#-chain of the insulin receptor (InsR) as primary antibody and an ant-rabbit IgG as secondary 
antibody (see the Matenals and methods section), the Immune complex was detected by ECL 
Blots were quantthed with a videodensitometer Values are means -+ S E M. of three independent 
axpenments Stabstics: Student's /test for paired values “signthcant differences between 16% 
Q, basal glucosa versus 8% basal glucose, 16% O, basal glucose versus 16% high glucose, 
16% Q, basal glucose versus 8% high glucose, P< 005 (B) Representatve Western-blot, 
40 ug of total protein was analysed Gic, glucose 


by approx. 5-fold and with 50 mM glucose it was induced by 
approx. 5.2-fold. The increase in insulin receptor mRNA levels 
by 25 mM glucose was linear with time over 24h (results not 
shown) and this concentration was chosen for further experi- 
ments. Ás a control, the induction by glucose of pyruvate 
kinase L (L-PK) was studied [21]. Glucose (25 mM) increased 
L-PK mRNA by 2-fold within 24h (results not shown). Thus 
since the difference in glucose concentration from periportal to 
perivenous is rather shallow, the increase in glucose concen- 
trations, as occurs in the portal vein after a meal, enhanced 
insulin receptor mRNA to approx. the same levels in hepatocyte 
cultures under periportal and perivenous pO,. This is in accord 
with the homogenous expression of insulin receptor mRNA. in 
rat liver (Figure 1). 


Induction of insulin receptor protein by perivenous pO, at basal 
glucose levels and by high glucose concentrations under 
periportal and perlyenous pO, in primary hepatocyte cultures 


In 4-h rat hepatocyte cultures insulin receptor protein was 
induced at basal.5 mM glucose within 24 h by perivenous pO,, 
and more strongly by 25 mM glucose under both periportal and 
perivenous pO, (Figure 4). Perivenous pO, induced insulin 


receptor protein approx. 2-fold, 25 mM glucose enhanced 
insulin receptor protein expression approx. 3-fold under peri- 
portal pO, and approx. 4-fold under perivenous pO, (Figure 4). 
Thus the zonation of insulin receptor protein appeared to be 
regulated mainly at the post-transcriptional level by O, (Figure 
2). 


DISCUSSION 
Zonation of insufin receptor gene expression 


According to the model of ‘metabolic zonation’ insulin-stimu- 
lated glycolysis and glycogen synthesis occur mainly in the less 
aerobic perivenous zone of the liver acinus [7,10—12]. Therefore 
it was expected that the insulin receptor would be expressed in 
the perivenous area. It was found that the insulin receptor 
mRNA was distributed homogenously and that the insulin 
receptor protein was predominantly localized in the perivenous 
zone (Figures 1 and 2). The equal expression of insulin receptor 
mRNA and the mainly perivenous localization of insulin 
receptor protein corresponds to the homogenous distribution of 
the 1nsulin-inducible glucokinase mRNA [22], and the preferen- 
tially perivenous occurrence of glucokinase protein [23] in the 
liver of normal fed rats [24]. However, the glucagon receptor 
mRNA [14] and glucagon-inducible PCK] mRNA and protein 
[25] were located in the more aerobic periportal zone of the liver 
acinus, where gluconeogenesis and glucagon-stimulated glyco- 
genolysis mainly occur [7,11,12]. Thus the perivenous expression 
of the insulin receptor protein is 1n good agreement with the 
model of metabolic zonation. 


Modulation of Insulin receptor gene expression by oxygen and 
glucose 


The periportal to perivenous pO, gradient was proposed to be a 
key regulator for the zonation of gene expression [7,10—12]. In 
rat primary hepatocyte cultures the glucose-inducible insulin 
receptor mRNA expression was not modulated by O,. This pO,- 
independent induction might explain the equal expression of the 
insulin receptor mRNA, and implies that the regulation of the 
zonation of insulin receptor protein might occur mainly at 
the post-transcriptional level. Indeed, 1nsulin receptor protein 
expression was induced at basal 5 mM glucose levels by venous 
pO, (Figure 4). Insulin receptor protein was also induced by high 
glucose concentrations; but then the modulation by O, became 
less dominant (Figure 4). Thus the insulin receptor might be an 
example of a role for O, to modulate zonation of gene expression 
at the post-transcriptional level. Conversely, the modulatory role 
of O, in the zonation of gene expression was shown to occur at 
the transcriptional level in rat primary hepatocytes with the 
gluconeogenic key enzyme, PCK1, and the glucose-utilizing 
enzyme, glucokinase; glucagon activated the transcription of the 
PCK1 gene maximally under periportal pO, [26,27] and, re- 
ciprocally, insulin activated the transcription of the glucokinase 
gene maximally under perivenous pO, [28]. 

Glucose is known to induce the expression of the glycolytic 
enzyme gene L-PK in hepatocytes and the lipogenic enzyme 
genes, acetyl-CoA carboxylase and fatty acid synthase, in liver 
and adipose tissue [29-31]. Insulin and consequently the insulin 
receptor are functionally linked to glucose uptake. Therefore 
one would have expected-an 1nductive effect of glucose, which 
was indeed the case (Figures 3 and 4) The mechanism by 
which glucose induced insulin receptor mRNA is not completely 
understood. A post-transcriptional mechanism such as stabiliza- 
tion of insulin receptor mRNA may be responsible in part 
for the glucose-induced insulin receptor mRNA increase This is 
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indicated by a previous study with mouse embryo fibroblasts 
transformed with a vector containing the coding region of the 
human insulin receptor [31]. In these transformed cells, 25 mM 
glucose increased insulin receptor mRNA levels, the amount of 
insulin receptor protein and tyrosine kinase activity after 24— 
48 h. These alterations were associated with an increased half-life 
of insulin receptor mRNA in the presence of 25 mM glucose [32]. 

The positive modulation by perivenous pO, of the insulin 
receptor protein would confirm the predominant perivenous 
localization of the insulin receptor, which is in good agreement 
with the model of metabolic zonation, and is further evidence 
that the periportal to perivenous pO, gradient appears to be a 
major determinant in the zonation of gene expression. 
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Zebrafish ftz-f7 gene has two promoters, is alternatively spliced, and 


Is expressed in digestive organs 
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Fushi-tarazu Factor-1 (FTZ-F1) is a family of nuclear receptors 
involved in various developmental processes. We have cloned a 
zebrafish FTZ-F1 gene, termed f7, which belongs to the feto- 
protein transcription factor/liver receptor homologue-1 (FTF/ 
LRH-1) subgroup of the FTZ-F1 family. Four transcripts arise 
as a result of differential promoter usage and alternative splicing 
at the 3’-most exons. The longer transcript, form A, encodes a 
transcriptional activator. The shorter transcript, form B, lacks 
the activation domain, and hence could not activate transcription. 
The difference in promoter usage generates FF1 proteins with 
different N-terminal sequences. All four transcripts appear to be 


expressed in most of the adult tissues, whereas, during embryo 
development, the ITA form is the predominant transcript. Reverse 
transcriptase-PCR and in situ hybridization experiments showed 
that the 77 transcript is expressed in the hypothalamus, spinal 
cord, mandibular arch and digestive organs, including pancreas, 
liver, and intestine. The expression of fI in the digestive organs 
implies its function in gut development. 


Key words: fetoprotein transcription factor (FTF), gut, liver 
receptor homologue (LRH), nuclear receptor, steroidogenic 
factor 1 (SF1). 





INTRODUCTION 


Fushi-tarazu Factor-1 (FTZ-F1) was first found to be the tran- 
scription factor that activates the ftz gene in Drosophila, and 
was subsequently named as such [1,2]. Many FTZ-F1 homo- 
logues have been found in mouse, human, zebrafish and Xenopus 
[3-7]. These FTZ-F1 homologues contain a conserved sequence 
adjacent to the C-terminal end of the zinc-finger motif, termed 
the FTZ-F1 box [2]. In addition, they belong to the nuclear 
receptor superfamily, most members of which can activate 
transcription when bound to their ligands [8]. FTZ-F1 belongs to 
the orphan receptor family, which does not have known ligands, 
but can activate transcription [9,10]. Unlike other members in 
the nuclear receptor superfamily, which often dimerize and 
recognize the GGTCA sequence as direct or inverted repeats, 
FTZ-F1 binds to the monomeric (A/T)JCAAGG(A/T)C(C/G) 
sequence [11]. Many nuclear receptors activate transcription via 
an activation domain, AF-2, located at their C-terminus. Some 
of the FTZ-F1 members do not have this activation domain; they 
therefore serve as repressors of transcription [6,12]. Since these 
nuclear receptor proteins control many important developmental 
and physiological processes, it is imperative to understand their 
control mechanism. 

Two forms of the Drosophila ftz-/1 gene products, named a 
and Z, have been identified. ftz-f7a is maternally expressed and 
distributed in the early embryo [1], whereas ftz-/1f is zygotically 
expressed and present 1n the late embryo and early pupal stages 
[13]. Both forms play a role in ecdysone-induced gene expression 
- [14]. 

Xenopus also has two ftz-fi genes [3], of which the gene 
products, xFF1rA and xFFIrB, are probably the orthologues of 


mouse liver receptor homologue (LRH)-1. In addition to the 
full-length cDNA, another shorter gene product with a C- 
terminal deletion, termed  xFF1rA-short', was also isolated [12]. 
xFF1A-short is present at a lower concentration, and lacks the 
transactivation function. 

In humans, different FTZ-F1 homologues exist. One ıs hBIF, 
which is expressed in the hepatocyte and can bind and activate 
enhancer II of hepatitis B virus [15]. Various mouse FTZ-F1 
homologues have also been reported. Among them, steroidogenic 
factor 1 (SF1) and embryonal long-terminal-repeat binding 
protein (ELP) have overlapping transcription units, which share 
most exons, but have their own promoters and are differentially 
spliced [16]. SF1 1s expressed mainly in the adrenal, testis, ovary, 
pituitary gonadotroph and some regions of the brain [17]. It 
plays an important role in the development of the above cell 
types and transactivation of a number of genes involved in 
steroidogenesis and other endocrine functions. ELP is found 
in embryonic carcinoma cells, with an as-yet-unidentified physio- 
logical function [18]. 

Another FTZ-F1 homologue in the mouse is termed LRH-1 
[19]. LRH-1 and SFI are very similar in the DNA-binding 
domain, but more divergent in the ligand-binding domain. 
Therefore there are at least two different fiz-/] genes in the 
mouse. LRH-1 is expressed mainly in the liver, but its function 
is still not clear at present. In the rat, the LRH-1 orthologue is 
termed FTF (fetoprotein transcription factor), a transcription 
factor for the al-fetoprotein gene [20]. Rat FTF is expressed 
mainly in the gut endodermal cells, including liver and pancreas 
[20]. On the basis of the expression pattern, it may be inferred 
that FTF functions during differentiation of gut endodermal 
cells. 


Abbreviations used: FTZ-F1, Fushi-tarazu Factor-1, ffi, zebrafish gene homologue of the FTZ-F1 family of nuclear receptors (the corresponding 
protein product is FF1); FTF, fetoprotein transcription factor, LRH, liver receptor homologue, ELP, embryonal long terminal repeat-binding protein, 
SF1, steroidogenic factor 1; 5’-RACE, 5’-rapid amplification of cDNA ends, RT, reverse transcriptase, CAT, chloroamphenicol acetyltransferase, LG22, 
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In zebrafish, we have cloned an ftz-f1 homologue named /71 [6], 
or NR5A2, according to the new nomenclature [21] (the protein 
products are designated as FF] proteins). In the present report 
we describe our characterization of the zebrafish fI gene. We 
found that the f1 gene is differentially spliced, resulting in an 
active A form and an inactive B form. In addition, 1t contains 
two separate promoters, resulting in differential utilization of 
exons at the 5’-region. Although both promoters are used in 
most of the tissues examined, the downstream promoter is 
preferentially used durmg embryonic development. Jn situ 
hybridization experiments showed that the f? transcript was 
found in the brain, spinal cord, mandibular arch and digestive 
organs. This expression pattern implies the functional importance 
of ff] in the development of digestive organs. 


MATERIALS AND METHODS 
Isolation of genomic clones and DNA sequencing 


Genomic clones containing the f7 gene were isolated from a 
zebrafish genomic DNA library using FF1 cDNA fragments 
as probes. Four clones (nos. 36, 48, 55 and 37) were further 
analysed. The exons and introns in these clones were identified 
by either PCR amplification of the A-phage lysate with exon- 
specific primers or hybridization with specific end-labelled oligo- 
nucleotides. The fragments spanning exon-intron boundaries 
were either sequenced directly from A-DNA or subcloned into 
pCRII vector (Invitrogen, San Diego, CA, U.S.A.), followed by 
sequencing. Introns 1, 2 and 3 were fully sequenced. 
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Figure 1 Organizallon and multiple transcripts of the zebrafish #1 gene 


(A) Structure and alternative splicing patterns of the /7/ gene Exons are shown by boxes and 
introns by intervening lines Honzontal lines above the gene structure indicata the extent of 
phage genomic clones Alternative splicing events at the 5’- and 3'-ends of the gene are shown 
below the gene structure Filled-in boxes represent exons common to all transenpts Hatched 
and stippled boxes are exons unique to one form of the transcripts The antisense primers 
57 and 62, used in primer extensions, are shown by semi-arrows. (B) Diagram of four transcripts 
encoded by the #7 gene The functional domains of the FF1 protein are shown above the exons 
The DNA-binding domain (DBD), regions H and HI and AF-2 are indicated by the filled-in boxes 
Numbers inside boxes represent axon numbers, and the locations of primers used in the RT- 
PCR analysis are also shown (by semrarrows) The translated and untranslated regions are 
shown by wide and narrow rectangular boxes respectively 
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Primer extension and 5'-rapid amplification of cDNA ends (5’- 
RACE) 


Antisense oligonucleotides, #57 (AGTCTTIGCAGTCAC 
GTTGTCCT) and #62 (GTGGTCTTTGCAGTGACTATG- 
ATG), were used for mapping the transcription-start sites on 
exon 1 and exon 2 respectively. Oligonucleotides were end- 
labelled with P*PIATP, and annealed to 50 ug of total RNA at 
50 °C overnight before extension reactions, as described pre- 
viously [22] The sequencing of the genomic fragment using the 
same primers was performed in parallel, and the reaction products 
were resolved by sequencing gels. Transcription-start sites were 
confirmed by 5’-RACE [23], followed by cloning and sequencing 
of the amplified fragments. 


Reverse transcriptase (RT)-PCR and Southern-blot hybridization 


RT-PCR and Southern-blot hybridization procedures were 
carried out as described previously [24]. The locations of the 
primer pairs 44/47, 24/47, 4F1/7R1 and 4F1/78 for the ampli- 
fication of exon 1, exon 2, form A and form B cDNA respectively, 
are shown in Figure 1. Their sequences are as follows: 44, 
AGGACAACGGACTG CAAAGACT; 24, GGACGGCGTT- 
TITGAGAATCTGTGGTG; 47, CATGCTGACTGGTG 
AATGTACGA; 4Fl, AATGTGCAAGATGGCTGACCAG; 
78, GATGCCAGACTAG TCACGTCT; and 7R1, CACATC- 
ACGTAGTCCAGCAGTG. 


Computer analysis 


DNA sequences were analysed with the Wisconsin Sequence 
Analysis Package of GCG. The BLAST program was used to 
compare the zebrafish FF1 amino acid sequences with GenBank" 
and EMBL databases [25]. Multiple sequence alignments and 
phylogenetic trees were generated with the UPGMA method in 
SeqWeb (http://www.nhri.org.tw/b5/mis/seqweb.htm). Both 
TESS and MatInspector programs 1n the BCM launcher were 
used to search for potential transcnption-factor binding sites 
[26,27]. Photographs of embryos and sections were scanned and 
processed using the Adobe Photoshop program. 


Whole-mount in situ hybridization and sectioning 


Adult zebrafish and embryos were reared at 28.5 °C, as described 
previously [28]. Sense and antisense RNA probes were 
synthesized by in vitro transcription from linearized plasmids 
containing FF] cDNA fragments using T7 RNA polymerase 
and digoxigenin/RNA-labelling mix. Whole-mount in situ 
hybridization was carried out as described previously [28]. After 
in situ hybridization, embryos were washed in 0.1 % (v/v) Tween 
20, stored in 4% (w/v) paraformaldehyde, and photographed in 
80 95 (v/v) glycerol. Embryos were washed in PBS and embedded 
in 1.2% agarose/5% sucrose (w/v) prior to cryosectioning, as 
described previously [28]. Frozen sections were stained with 
Nuclear Fast Red. 


Analysis of the activation function of FF1 


The full-length FFIA protein (amino acids 1—516) and sub- 
sequent deletion fragments were obtained by PCR based on the 
original FF1 cDNA plasmid [6]. Primers used for the C-terminal 
deletion constructs were as follows: AAGAGAATTCTCAG- 
GGCACGTCTCCGTTCAGGTGT(1-501); AGTGAATTCG- 
CCCGGATCAAGGCTTTCT (1-155). The primer used to 
obtain the N-terminal deletion clones (43-516 and 43-434) was 
GACGGATCCATGGATGAGATGTGTCC (A1-43). Deletion 


clone 1-434 was equivalent to the FF1B ORF (where ORF is 
open reading frame). Restriction enzyme sites at both ends were 
introduced, so that the resulting DNA fragments could be cloned 
into the pcDNA3 expression vector (Invitrogen), and stop codon 
sequences were located in each lower primer for PCR. HeLa cells 
were chosen for the transient transfection analysis, and consensus 
gonadotrope-specific element (GSE)-TATA-CAT (where CAT is 
chloramphenicol acetyltransferase) containing the FF] recog- 
nition site was used as a reporter [6]. Expression plasmid (1 ug), 
5-10 ug of CAT reporter plasmid and 1 wg of pCMVf-LacZ 
plasmid (as an internal control) were included in each transfection 
(60-mm dish). CAT and f-galactosidase activities were deter- 
mined as described previously [29]. 


RESULTS 


Genomic organization and multiple forms of the zebrafish ftz-f7 
gene 


We first isolated zebrafish fiz-/] A- and B-form cDNAs, which 
are identical in sequence in most regions, but have distinct 
sequences at their 3’-ends [6]. To characterize the genomic 
structure and splicing pattern of the ftz-/1 (FI) gene, we screened 
a zebrafish genomic library with FFIA cDNA fragments. Four 
clones (nos. 36, 37, 48 and 55) were isolated, which mutually 
covered the entire fI] gene (Figure 1A). The zebrafish f77 gene 
consists of eight exons interrupted by seven introns. All exon- 
intron junctions follow the ‘GT...7AG’ rule for the splice donor 
and acceptor sites (Table 1). The A- and B-form mRNAs result 
from alternative splicing at exon 7. In form A, exon 7a is spliced 
to exon 8. The form B mRNA retains exon 7b, so that the mature 
mRNA is terminated at exon 7b. In addition to the 3’ mRNA 
variants, RT-PCR and cDNA sequence analysis revealed the 
presence of two leader exons. Transcription starting at exon 2 is 
spliced to exon 3, whereas transcription starting at exon 1 skips 
exon 2 and is spliced directly to exon 3. 

Therefore alternative promoter usage and splicing of the 
zebrafish ff7 gene give rise to four mRNA variants, designated as 
IA, IB, HA and JIB respectively (Figure 1B). Exons 3, 4, 5, 6 and 
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7a are shared by all of these mRNA variants, whereas exons 1, 2, 
8 and 7b are unique to each form. Exons 1 and 2 encode the A/B 
domain in companson with other nuclear receptor family 
members (Figure 1B). Exons 3, 4, and part of exon 5 encode the 
C domain, which contains two zinc-finger motifs and the FTZ- 
F1 box. Most of exon 5 encodes domain D (hinge region). The 
3' region of exon 5, together with exons 6, 7a and 8 encode the 
E domain (ligand-binding domain), which contains the AF-2 
core. Exon 7b encodes only two amino acids before it runs into 
a stop codon. Consequently, exon 1 and exon 2 transcripts 
produce distinct FFI proteins with different A/B domain 
sequences. The A-form transcripts produce full-length FF1, 
whereas the B-form transcripts produce C-terminal-truncated 
FF] lacking AF-2. 

The transcription-start sites for both leader exons in the liver 
of adult zebrafish were mapped further by primer extension and 
S'-RACE. One major start site in exon | was found approx. 
222 bp upstream from the 3'-end of exon 1 (Figures 2A and 2B). 
Although there were two minor bands above and below the 
major primer-extension product (Figure 2B), they could not be 
confirmed by 5'-RACE. The start site of exon 2 was mapped to 
351 nt upstream from the 3'-end of exon 2 (Figures 2A and 2B). 
The same transcription-start sites were also identified in brain, 
ovary and testis RNA (results not shown). Scanning the 5'- 
flanking sequences for putative transcription-factor binding sites, 
we found sequences flanking exon | that will bind XFD2 (Xenopus 
fork-head domain factor 2), SN (Snail), MyoD, GATAI and 
SOX5, and sequences flanking exon 2 that will bind BRN2 
(Brain 2), hepatic nuclear factor-3 (HNF3) and S8 (homeo- 
protein S8) (Figure 2A). 


Properties of different forms of the /f7 gene products 


We have shown that alternative promoter usage and splicing gen- 
erate FFI forms with different A/B domains and C-termini. To 
determine whether different A/B domains and C-termini could 
lead to differences in the transcriptional activities of 
various forms of FF1, a series of N-terminal and C-terminal 


- JTable 1 Nucleotide sequences of exon/intron boundaries of the zebrafish ff7 gene 


Exon sequences are shown in uppercase letters and intron sequences in lowercase letters 


Size Exon/intron junchons 
Exon (bp) Donor site 
1 222 1/3 
2 351 2/3 GGAAACATGCAAGgtaage 
3 119 3/4 
4 142 4/5 
5 695 5/6 
6 120 6/7 
7a 148 7a/8 
7b 748 
8 1697 





Acceptor site 


TGCAAAGACTTGGgCtaagt.......tcttatgtttttagCCCCACAGTTTAAA 


tcttatgtttttagCCCCACAGTTTAAA 


TGAGAGCTGTAAGgtgtgt......acctcactctgcagGGCTTCTTCAAGCG 
ATGAAACTGGAGCGgtaaga...——.tgtccttctataagCTGTGAGAGCCGAT 
CCGGGAACTAAAGgtatgt.......cactgtcccctcagGTTGACGACCAAAT 
CACGGGGCAACAGgtgagt......tCgccttctcttcagGTGGATTACGCTCT 


CTGTTCAGCTTGGgtgagt......tctgttttcctcagACGTGAAGAACCT(G 
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131 


181 


121 


171 


221 


271 


321 


Exon | and its upstream sequence 


GCCTACATTC 
CCTATGTGCT 
ACTTTGGAGG 
TCATCTTGAT 
CCAATAAAAC 
ACTATCAACC 
TTTCCATTCA 
CTTCAGTACT 
AACTGGCTCT 
TCAACCTCAG 
GTTTAGTGCA 
ATGTCAGGCG 
ACGACGGTGA 
AGCCACTCAG 


GTTTTGAGAG 


Exon 2 and 
RN2 


ATTAACATGA 
CTATTTCCAC 
TAAGTAAGTC 
ATCTTATATC 
CCCTTTCTCT 
GTAGGCTAAA 
TGTCTCGTAA 
TGAGGCGCTT 
AGCGCACTGA 
AACAAAGCAG 
CGCGCGCGGA 
GGTTTAAAGA 
ACACAGCGTG 
CCGAGGATTT 
GCGCGCAGGC 
M 

TGCTGCCTAA 


GAACAGGGGC 


ATCCCATTTT 


TTTTGGACTC 


TGTGTTTACG 


CCCGCAGTGA 


CGCTCGTGTT 


TGTTGTGTTC 


GTCATTGCCG 


ATCTGTCCGC 


TATCAATCTT 


AAGTTTTGAA 


GGTCATGGCG 


GATGGTTTGG 


AAGATTTGGA 


GTGGATCACC 


TGAATTAGGA 


ATAATGCATC 


AAATTAAACT 


GCAAATATAT 


AAATTTTATT 


ATATTTTTTA 


TCACCACATA 


TGTTCAATTA 


ATTCTCGGGC 


TCCGAACGCT 


CGAGGAGCCG 


GGAGGGGCTC 


CCAGCATCAT 


TGAAGAACTA 


GTTTCGGACG 


GGAGCGGCGC 


AGTCGAGTCA 


ATATGCCTGG 
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AATAAACGAA TACATAAAAA ATTAGATAGG 


XFD2 


TGTATACAAA CATGAAAAGT ATAAACATAT 


TGTATTTATT TCCGTCTGTA AGGTGTGACT 


ACACGCGTGT ATATCCTGAT CCTCACACGT 


TGGCAGAAAC TAGTTCAAAG TTTGCGGCCC 
MyoD 


TTTTGATCTC 
TGGACGGTCT 
AT 
TCCGGC TTAT 
GTCCAGCTCC 
TATTGT TGAG 
+| 
AGGGGGGATG 
GGCAAAAAAA 
AAGAATGGAC 


TGGTGTATTT 


CAACGTGACT 


GCATTTTACC 


TGTCCGCCGG 


CTGTCCGTGT 


ACGTGATCTG 


GAGGTGAGAT 


AGGGCTGAGA 


CACCTCAATT 


GCGTTTTGTG 


CTGCACTAAA 


GCAAAGACTT 


ACCTGTCTCA 


TTAATCATTC 


GTCACTTTAT 


GGC AAACCTA 


ATGACTGCAG 


AAG TCAAGAG 


TTCTATTCAA 


GGATATAACT 


ATGTCCAGTA 


GG 


its upstream sequence 


TCCTAATTTA 


TTTAAAAATC 


AAAAAACGCA 


TAGCCTGATT 


ATAGCTACAT 


CCTCCCGGTG 


GTTTAGTTTG 


CCGTTTCTGA 


GATTGGTCGA 


TTTGAACTTC 


GTGCCAAGTT 


AGTCAC TGCA 


AAAGAAAAAA 


TTTGGACGGC 


GCGCTCATCA 


GAATATCTGG 


AAACATGCAA 


AATAACTATG 


CTTTAGCATC 


ATTTTATGAG 


TTCGTCTTGC 


ACAAACATTT 


CTCCAGTTAA 


TCTGTGTTTG 


TTGGACAAAC 


CGCGGTGTCA 


+ 


ACAGATAGAG 


CCTGACAGTT 


AAGACCACCC 


GAAGGGTAGT 


GTTTTTGAGA 


TCGGCTCAGC 


GACTCGCTCG 


G 


TTTTATGTAG 

HNF3 
TTGGTGCAAA 
ATTATTTTAG 
CTCCAATTCC 
TAACCCTCCG 
CGGCGCGGCG 
CCGCTGCAAC 
GCG TGACGCC 
GTGCGGCGTA 
CGACACGGAG 
CGCGCACTCC 
GAATGAACTT 
CGAAGTCAAG 
ATCTGTGGTG 
AGAGCTGTCA 


ATCGCATGGG 


B 


Exon 2 
GATC 


Exon | 
GACT 
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Figure 2 Zebrafish ff? gene has two promoters 


(A) Sequences of the first and second exon and their respective 5'-upstream regions 
Transcription-start sites and the translation initiation codon are indicated by horizontal arrows 
and M respectively. Potential transcription-factor binding sites located upstream of the start 
sites are indicated by lines above the recognition sequence. (B) Mapping of transcription-start 
sites on exon 1 and exon 2 by primer extension. A “P.Jabelled antisense oligonucleotide was 
hybridized to liver total RNA and extended with RT, as described in the Materials and methods 
section. The same primer was used in the dideoxynucleotide-sequencing reactions on a plasmid 
containing the exon 1 or exon 2 sequences. The primer extension product and the sequencing 
reactions were separated on a sequencing gel, and detected by autoradiography. The asterisk 
denotes the transcription-start nucleotide in the lower strand, and the arrows highlight the 
primer-extension products 
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Figure 3 Analysis of FF1 domain function for transcriptional activation 
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The structure of the effector plasmids are shown on the left (Figure is not to scale), with the numbers indicating the beginning and end of the effector molecules. The effect of deletion clones were 
examined with a co-transfection study in HeLa cells. The reporter construct is a sSGTH// gene — 39 basal promoter linked to the CAT gene. with a consensus GSE sequence 5° upstream (consGSE 
TATA-CAT). Basal value represents the activity of the consGSE-TATA promoter without transcription-factor co-transfection, All histograms represent the means + S.E.M. of at least two independent 


experiments (in duplicate or triplicate) 
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Figure 4 A phylogenetic tree of FTZ-F1-related proteins 


The zebrafish FF1 protein falls into the group of FTF/LRH-1 proteins, The DDBJ/EMBL/GenBank" 
accession numbers o! the proteins included in the tree are: dFTZ-F1 (M63711), dFTZ-F1 
(M98937), bAd4BP/SF-1 (D13569), hAd4BP/SF-1 (U76388), pSF-1 (U84399), mELP3 
(AB000490), cAd4BP/SF-1 (AB002404), mdFTZ-F1 (AB016834), mLRH-1 (M81385), rFTF 
U47280), hFTF (U93553), hFTZ-F1 (AB019246). hB1F (U80251), cFTF/LRH-1 (48002403) 
xFF1rA (U05001), xFF1rB (U05003), zFF1 (AF014926), tFZR1 (AB006153). d, Drosophila; b, 
bovine: h, human; p, pig; m, mouse: c, chicken; md, medaka; r, rat; x. Xenopus. 2. zebrafish 
t, trout 


deletion constructs were tested (Figure 3). In co-transfection 
experiments, the removal of the AF-2 region resulted in a 
significant loss of the transcriptional activity of FFIA (as seen in 
clone 1-501). Proteins with clone 1-434 (equivalent to zFFIB) 


and 1-155 yielded a transactivation potential similar to that of 


clone 1-501. These data suggest that AF-2 is critical to the 
activation function of FFIA, and FFIB is transcriptionally 
inactive. N-terminal truncation of the A/B domain of FFIA 
(clone 43-516) did not change the transactivity of FFIA. The 
activity of FFIA was drastically lowered only when the AF-2 


A 
DHL I OT ME 


Exon | 
Exon 1 RE — 


BL AlO EME 





CBGS P HiH4 HI1H28A 


Exon Il 





Figure 5 Tissue and developmental expression patterns for zebrafish FF1 
mRNA variants 


RT-PCR was performed using primers specitic for different isoforms of the ffl mRNA, followed 
by Southern-blot hybridization, Actin amplification was used as a reference for the amount of 
total RNA input in the analysis. (A) Expression of FFI mRNA variants in various adult tissues 
B. brain; H, heart; L, liver; |, intestine; O, ovary; T, testis; M, muscle; E, eye. (B) Developmental 
expression of FF? exon Il, A form, and B form mRNA. C, cleavage; B, blastula; G, gastrula; S 
segmentation; P. pharyngula: H1, H4, H11 and H28, 1, 4, 11 and 28 days after hatching 
respectively; A, adult, 


and A/B domains were simultaneously deleted (clone 43-434). 
Therefore the A/B domain of FF] is not directly involved in the 
transactivation of its target genes. 
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Figure 6 Expression of ff? in zebrafish larvae 





Views are anterior right and posterior left. (A) Lateral view of zebrafish 96 h posl-fertilization after whole-mount ;n situ hybridization (B and C) Dorsal views of the horizontal Sections of whole- 
mount, in situ-hybridized larva. Expression of ff] was seen in the mandibular arch (M), hypothalamic nucleus (H), spinal cord (S), pancreas (P), liver (L) and intestine (I). Y: yolk. Arrows indicate 


the planes of the horizontal sections shown in (B) and (C) 


Zebrafish FF1 is a member of the vertebrate FTF/LRH-1 family 


To understand the link between zebrafish FF] and other FTZ- 
Fl-related proteins, multiple-sequence alignments and phylo- 
genetic analysis were performed. Compared with other FTZ-F 1- 
related proteins, zebrafish FF] shares higher identity (78-84, ) 
with the frog (xFFIrA, xFFIrB). chicken, murine and human 
FTF/LRH-1 proteins than with the chicken, murine, bovine and 
human Ad4BP /SF-1 (58-66%, ). Phylogenetic tree analysis shows 
that the vertebrate FTZ-Fl-related proteins can be divided into 
two subgroups (the Ad4BP/SF-1 and FTF/LRH-1 subgroups). 
where zebrafish FF1 protein falls into the subgroup of FTF/ 
LRH-1 (Figure 4). Therefore it should be assigned with the name 
NR5A2, according to the new nomenclature [21]. 


Spatial and temporal expression of FF1 mRNA variants 


To examine the expression profiles of FF] mRNA variants, RT- 
PCR was performed to detect their expression in various adult 
tissues and developmental stages (Figure 5). fJ] was expressed in 
many tissues, including brain, liver, intestine, muscle, eye and 
gonads. All four mRNA variants were similarly expressed in 
these tissues with some quantitative variation, with the exception 
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that exon | transcripts appeared to be missing in the brain. 
During development, exon 2 and form A transcripts were first 
detected in the segmentation stage and expression continued 
through the pharyngula, larval and adult stages (Figure 5B). 
Form B transcripts were expressed at low levels in the embryonic 
and larval stages. whereas exon | transcripts could only be 
detected after amplification with more cycles (results not shown). 

Whole-mount in situ hybridization was performed to probe 
further the site of ff] expression during early development. 
Strong signals were detected only when probes specific for exon 
2. form A or common to all regions were used for hybridization. 
No signal was observed in embryos hybridized to RNA probes 
specific for either exon | or the B form transcripts (results not 
shown). This result was consistent with the results of RT-PCR, 
in which transcript IIA was the major form expressed in early 
zebrafish development. Whole-mount in situ hybridization 
revealed ff] transcripts in the developing hypothalamus, man- 
dibular arch, spinal cord and gut derivatives, such as intestine, 
pancreas and liver (Figure 6A). Sectioning of whole-mount 
embryos confirmed further that f//-expressing cells were located 
in the hypothalamus, neurons of spinal cord, mandibular arch, 
liver and exocrine cells of pancreas (Figures 6B and 6C). Zebrafish 
GATA-5 [30]. used as a marker for liver and pancreatic exocrine 


cells, showed a similar expression pattern in the gut derivatives 
{results not shown). 


DISCUSSION 


In this report, we analysed the zebrafish ftz-f1 (ffl) gene 
structure and expression. We showed that the presence of two 
promoters and alternative splicing of the f1 gene results in four 
transcripts encoding proteins with different N- and C-terminal 
sequences. Alternative splicing at the 3'-end generates tran- 
scription factors with opposite functions, whereas differential 
promoter utilization does not produce an apparent effect on 
protein function in our assay system. These transcripts are 
similarly expressed in many adult tissues. During embryogenesis, 
however, there exists only a major transcript, HA. HA transcripts 
are detected mainly in brain and gut derivatives during embryonic 
development, thus implying that they function in the development 
of these cell lineages. 

The zebrafish f1 gene belongs to the FTF/LRH-1 subgroup in 
the FTZ-F1 family of the nuclear receptor superfamily This 
conclusion is on the basis of two lines of evidence, i.e. sequence 
comparison studies and the pattern of gene expression. Our 
phylogenetic analysis studies have shown that the vertebrate 
FTZ-F1 family can be divided into the Ad4BP/SF-1 and 
FTF/LRH-1 subgroups (Figure 4). These two groups have 
probably arisen by gene duplication specific to the vertebrate 
lineage [3] Zebrafish FF1 falls into the subgroup of 
vertebrate FTF/LRH-1 because its sequence in several regions, 
including the D box in the second zinc finger, region II, region III 
and helical segments H9 and H10 in the C-terminus, is more 
similar to that of FTF/LRH-1 than that of Ad4BP/SF-1. 

The zebrafish fF gene is located on linkage group 22 (LG22) 
[31]. The only other known gene in this linkage group is the 
zebrafish SCL gene [31]. Another human FTF/LRH-1 subgroup 
member, BIF [15], and the human SCL gene [32] are both 
located on chromosome 1. Itis commonly observed that chromo- 
some segments are conserved across species, ie. when genes 
on one chromosome segment are hnked, they are also often 
linked on the chromosome from a different species [31]. Although 
it may be coincidental, the linkage of these two genes on both 
zebrafish and human chromosomes could indicate similarity 
between zebrafish LG22 and human chromosome 1. To date, 
very few genes have been mapped to zebrafish LG22. When more 
genes are mapped, the possibility of conservation between LG22 
and human chromosome | can be further evaluated. 

Zebrafish f1 is highly expressed in many tissues, but mainly in 
gut derivatives such as liver and pancreas, as shown by RT-PCR 
and in situ hybridization. This strong hepatic or pancreatic 
expression is also found for genes of the FTF/LRH-1 subgroup 
[3,15,20,33], but not for the Ad4BP/SF-] genes, which are 
expressed primarily in adrenal glands and gonads [4,16,34]. 
Therefore both phylogenetic and expression pattern analyses 
lead to the assignment of zebrafish ffl to the FTF/LRH-1 
subgroup. 

Since most vertebrates have ftz-/1 genes belonging to both 
Ad4BP/SF-1 and FTF/LRH-1 subgroups, zebrafish should also 
have its members in both subgroups. Because zebrafish chromo- 
some segments are often duplicated [31], it is possible that the 
zebrafish ftz-f1 genes are also duplicated; therefore more than 
two ftz-f1 genes could be present. Consistent with our prediction, 
many ftz-f1 cDNA fragments have been isolated in zebrafish (D. 
Liu and C. L. Hew, unpublished work). 

Zebrafish FFl mRNA is expressed ın the developing gut, 
liver and pancreas. It implies that f7 may function in these gut 
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derivatives. Supporting this hypothesis, the FF] homologue, 
human BIF, functions as a hepatocyte transcription factor to 
activate hepatitis B virus enhancer [15]. Rat FTF has been shown 
to activate al-fetoprotem transcription in liver cells [20]. Fur- 
thermore, the locations of zebrafish ff] expression in the gut 
derivatives are the same as those of zebrafish GATA-5 expression 
([30]; W.-w. Lin, unpublished work). Thus the co-localization 
with zebrafish GATA-5 suggests that the function of FF1 might 
be related to the action of GATA-5 in the development of gut 
derivatives. The mouse GATA-5 homologue, GATA-6, is 
required for the differentiation of visceral endoderm [35]. Con- 
sistent with the notion of expression in gut derivatives, we found 
sequences in the 5’-flanking region of the fI gene that will bind 
the gut-enriched transcription factors HNF-3 (hepatic nuclear 
factor-3) and GKLF (gut-enriched Kruppel-like factor). In 
addition, consensus sequences that will bind brain transcription 
factor BRN2, gonad factor SOXS, and factors related to early 
embryogenesis, such as MyoD, XFD2 and Snail, are also present 
in this region. Whether these sites function in the transcription of 
the gene remains to be elucidated. 

Apart from the gut derivatives, we also detected ffl mRNA in 
the mandibular arch, and neurons in the spinal cord and 
hypothalamus (Figure 6). The significance of ff] expression in 
these sites is not yet clear. One possible link is that the formation 
of hypothalamic nuclei is known to require SF-1 [36]. It remains 
to be elucidated whether f1 plays a role similar to that of SF-1 
in the development of the hypothalamus. It is also possible that 
other uncharacterized Ad4BP/SF-1 family members are im- 
portant for the development of the hypothalamus. 

To date, f1 is the only member of the FTF/LRH-1 subgroup 
for which the gene structure has been characterized. Its structure 
1s very similar to the genes in the Ad4BP/SF-1 subgroup [5,16]. 
This suggests that the gene structure in the /fiz-/] family is 
conserved. Multiple promoter usage and alternative splicing are 
common features shared by members of the ftz-f7 family [5,16], 
which generate protein diversity and allow for regulation of gene 
expression at multiple levels. All four forms of FF1 mRNA 
variants are expressed similarly 1n the gut derivatives and gonads, 
except in the brain, where only exon 2 transcripts are detected 
(Figure 5). We also detected predominant expression of exon 2 
and A form transcripts during early development. This suggests 
that promoter 2 is probably used preferentially, and the full- 
length A form receptor rather than the truncated B form prevails 
to exert its activation function in early development. 

Exon 1 and 2 transcripts encode FF1 proteins with different 
A/B domains (Figure 1). The A/B domain usually contains the 
AF-1 function important for ligand-independent transactivation 
through interaction with other co-factors [8,37—39]. We show 
that the A/B domain does not contribute towards transcriptional 
activity in HeLa and COS-1 cells, both of which do not normally 
express FF1 (Figure 3; also D. Liu, unpublished work). 
However, we cannot exclude the possibility that the A/B domain 
may play a role in some tissues where appropriate cofactors are 
present Since the brain expresses only exon 2 transcripts, it 
might imply the existence of functions specific to the brain. 

Compared with the mouse ftz-f7 gene, there is a difference in 
the 3' alternative splice site. Zebrafish /71 is alternatively spliced 
at exon 7, whereas mouse ftz-f1 is at exon 6 [16]. This results in 
proteins truncated at different positions. Alternative sphcing at 
exon 7 generates FF1A and FF1B, which function differently in 
their transactivation potential. FF1B retains regions II and III 
mportant for DNA binding [12], but loses the ability to 
transactivate. Therefore it could be a transcriptional repressor by 
competing for DNA binding [6]. Other 3"-splicing variants, like 
mELP1 and xFFlrA-short, lack region III and therefore bind 
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DNA at a reduced efficiency. High amounts of these short forms 
are required to achieve the dominant negative effect in vitro [12]. 
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EEN, identified initially as a fusion partner to the mixed-lineage 
leukaemia gene in human leukaemia, and its related members, 
EEN-Bl and EEN-B2, have recently been shown to interact with 
two endocytic molecules, dynamin and synaptojanin, as well as 
with the huntingtin protein. In the present study, we show that 
the expression of the EEN gene-family members is differentially 
regulated. Multiple-spliced variants were identified for EEN-B2. 
In the brain, EEN-B1 and EEN-B2 mRNA are preferentially 
expressed in the cerebellar Purkinje and granule cells, dentate 
gyrus celis, hippocampal pyramidal neurons and cerebral granule 
cells. The expression patterns of EEN-B1 and EEN-B2 mRNA in 
the brain overlap with those of dynamin-I/III, synaptojanin-I 
and huntingtin, whereas the ubiquitous expression of EEN is 
consistent with that of dynamin-II. In testes, members of the 
EEN family are co-expressed with testis-type dynamin and 


huntingtin in Sertoli cells and germ cells respectively. Our results 
on the overlapping expression patterns are consistent with the 
proposed interaction of EEN family members with dynamin, 
synaptojanin and huntingtin protein in vivo. Although all three 
EEN family members bind to dynamin and synaptojanin, EEN- 
Bl has the highest affinity for binding, followed by EEN and 
EEN-B2. We also demonstrate that amphiphysin, a major 
synaptojanin-binding protein in brain, can compete with the 
EEN family for binding to synaptojanin and dynamin. We 
propose that recruitment of the EEN family by dynamin/ 
synaptojanin to clathrin-coated pits can be regulated by amphi- 
physin. 


Key words: endocytosis, endophilin family, SH3 domain. 





INTRODUCTION 


The EEN family [also called the endophilin/Src homology region 
3 (SH3)p/SH3GL family] is a new family of SH3-domain- 
containing proteins that has recently been found to be involved 
in both normal and malignant cellular processes, including 
clathrin-mediated endocytosis [1,2] and chromosomal translo- 
cation in human leukaemia [3]. The EEN gene family consists of 
at least three members, EEN, EEN-B1 and EEN-B2, which are 
evolutionarily conserved and show over 70% sequence identity 
at the amino acid level [3—5]. Proteins of the EEN family can 
interact with the proline-rich domains (PRDs) of dynamin and 
synaptojanin via their SH3 domains [2]. These EEN proteins are 
also co-localized with dynamin, synaptojanin and amphiphysin 
in the nerve termini of rat brain, where dynamin and synaptojanin 
can be co-precipitated by antibodies raised against EEN family 
members [2]. 

Dynamin is a GTPase involved 1n synaptic vesicle recycling. It 
shares similarity to the product of the Drosophila shibire gene 
[6,7], and a temperature-sensitive mutation in the shibire 
gene impairs the endocytosis of synaptic vesicle membrane 
following exocytosis, disrupting the release of neurotransmitter 
[8,9]. The functional importance of dynamin in endocytosis has 
been illustrated further by the conformational change of the 
dynamin rings formed at the necks of invaginated coated pits 
that correlate with GTP hydrolysis, which represents a key step 


leading to vesicle fission from the plasmalemma [10,11]. Synap- 
tojanin is a type II inositol 5-phosphatase containing an 
N-terminal SacI domain that is homologous with the cytosolic 
domain of the yeast SacI protein [12]. Inositol phosphate 
metabolism and yeast SacI protein have been implicated in a 
variety of membrane-trafficking events, including endocytosis 
[13]. The role of SacI protein in endocytosis has been supported 
by the findings that it can mediate ATP transport into the yeast 
endoplasmic reticulum [14], and a yeast mutant lacking synapto- 
janin-like genes (SJL1-L3) exhibits a severe defect in receptor- 
mediated and fluid-phase endocytosis [15]. 

Both dynamin and synaptojanin bind to the SH3 domain of 
amphiphysin isoforms I and II [16], proteins that were first 
identified in chicken synaptic fractions [17] and are concentrated 
in mammalian nerve termini [18]. Amphiphysin also interacts 
with AP2, an adaptor protein for the plasma-membrane clathrin 
coat [18,19]. Mutation of the yeast homologues of amphiphysin, 
RVS 161 and RVS 167, results in an endocytosis defect charac- 
terized, in part, by an impairment in a-factor receptor 
internalization [20]. The disruption of SH3 domain interaction of 
amphiphysin I in living nerve-termini preparations leads to 
incomplete synaptic-vesicle endocytosis at the stage of in- 
vaginated clathrin-coated pits [21,22], highlighting the role of 
SH3-domain-mediated interactions in endocytosis. Notably, the 
EEN family of proteins, apart from amphiphysin, are the only 
interacting partners containing an SH3 domain enriched in 


Abbreviations used SH3, Src homology region 3; PRD, proline-nch domain, HD, huntingtin, poly(A)*, potyadenylated, ISH, in situ hybridization, dpe, 
days post-coitum, GST, glutathione transferase, RT, reverse transcriptase, CNS, central nervous system; SLMV, synaptic-like microvesicle, LPAAT, 
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presynaptic termini [2,23,24]. The physiological significance of 
the EEN family in endocytosis has been strengthened further 
by the finding that endophilin I (the rat homologue of EEN-B1), 
instead of amphiphysin, is the major synaptojanin-binding pro- 
tein in the rat brain [1]. 

There is emerging evidence showing that the EEN family may 
also be involved in the pathogenesis of Huntington's disease 
[25,26]. Huntingtin (HD) protein, like EEN family members, is 
concentrated in the presynaptic termini, and enriched in the 
synaptosomal membrane fractions, together with synaptophysin, 
dynamin and p145, the latter of which is probably the short 
isoform of synaptojanin [27]. A recent yeast two-hybrid study 
has shown that a EEN family member interacts and co-localizes 
with HD protein in Huntington’s disease patients [25]. SH3GL3/ 
EEN-B2 can specifically interact with the Huntington’s Disease 
exon. I. protein (HDexlp), which contains a glutamine repeat in 
the pathological range. This interaction promotes the formation 
of insoluble polyglutamine-containing aggregates in vivo, and is 
induced by the length of polyglutamine sequence in HDexip. 
The strong and specific binding of EEN-B2 to the HD fragment 
with an elongated polyglutamine repeat has been suggested to 
promote the formation of fibrillar structures in neurons, leading 
to a selective neuronal degeneration in distinct regions (including 
the cortex and stnatum) of the brain of Huntington’s disease 
patients [25]. 

It has also been shown that the expression and regulation of 
endocytic molecules that are known at present, including 
dynamin, synaptojanin and amphiphysin, are very complex 
[16,23,28—30]. Multiple-splice-variant transcripts are differen- 
tially expressed 1n various tissues, and some splice variants of 
dynamin have different subcellular localization patterns and func- 
tions [31]. However, little is known about the expression and 
regulation of the EEN family and their interactions with other 
endocytic molecules. In the present study, we identified three 
novel splice variants of the EEN-B2 gene that are differentially 
expressed in various tissues. We also characterized the expression 
domains of EEN family members in various human and mouse 
tissues at different developmental and adult stages, and their 
binding properties to dynamin and synaptojanin. Our results 
clearly demonstrate that the expression patterns of the EEN 
family in the nervous tissue overlap with those of dynamin, 
synaptojanin and HD, and support their interaction in vivo. 


EXPERIMENTAL 
Library screening and DNA sequencing 


EEN cDNA and human expression tag (EST) clones (H50251, 
H20385 and H19489) encoding EEN-related sequences were 
labelled with **P to screen a human fetal-brain cDNA library 
under low-stringency hybridization and washing conditions [32]. 
Positive clones were isolated and converted into pBluescript 
phagemids for restriction mapping and DNA sequencing. All 
sequencing was performed using fluorescently labelled dideoxy 
terminators on a 377 Applied Biosystems automated sequencer. 
The DNA sequence was assembled and analysed, and both the 
nucleotide and predicted open reading frames were compared 
with public databases using various online and network facilities. 


Amplification of EEN-B1 and EEN-B2 from brain RNA and 
genomic DNA 


Total RNÀs were extracted from normal human adult brain, 10- 
week fetal brain and brain medulloblastoma, and subjected to 
reverse transcription with random hexamers. Except for EEN- 
B2-L1 and EEN-B2-L2, which were amplified using the same set 
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Table 1 PCR primers used for amplification of EEN-B7 and EEN-B2 variant 
transeripts 


Primer used Sequences (5' — 3^) Purposes 

EEN-B1(1f gtgatggaaataalgaciaa Amplification of EEN-B1 transcript 

EEN-Bi(11) ttigacctecgacagitc 

EEN-B2(1f) gcigaagaaycagticcaca Amplification of EEN-B2-L1 and EEN-B2-L2 
transcripts 

EEN-B2 (21) agagagtctitcacctcagc 

EEN-82(6f) tcagaagalgaatgaatgg Amplification of EEN-B2-L3 transcript 

EEN-B2(41) gaajalalicagiggtit 

EEN-B2(4f) cagttggctgtgticataga Amplification of EEN-B2-L4 transcript [first 
round, B2(4f) and B2(5r), nested, B2(51) 
and &2(5r)] 

EEN-B2(S)) —  cigicgtggictctatgac 

EEN-B2(5r) gatgctaaacaccaitattc : 

EEN-B2(31) gaatocigaacactyigicg Amplification of all EEN-B2-11—L4 transcripts 
(ALL-EEN-B2) 

EEN-B2(1r)  atettgtagtaactgaagt 

EEN-B2(24) gatgttaccaataaagttgtigcag Amplification of genomic EEN-B2 

FEN-B2(31)  ccagcaagecttcogtetg 

Actin-1f actcttccagecticctice Actin PCR 

Actn-1r cotcatactecigctigctg 





of primers [EEN-B2(1f) and EEN-B2(21)], specific primers were 
designed for PCR amplification on random-primed cDNA for 
the following transcripts, as shown in Table 1; see also Figure 1. 
EEN-B2-L1l and EEN-B2-L2 transcripts, which differed from 
each other by a 7-bp deletion in EEN-B2-L2, were distinguished 
by their different mobility on gel electrophoresis, and con- 
firmed by DNA sequencing. RNA quality was assessed by 
comparative actin PCR using actin-specific primers. Each actin 
PCR consisted of 62.5 fg of internal-template control, which 
would produce a fragment of size approx. 400 bp that was 100 bp 
larger than the band amplified from human actin cDNA (see 
Figures 3a and 3c). 

A genomic fragment of EEN-B2 flanking the 7-bp deletion 
found in EEN-B2-12 was amplified by EEN-B2(2f) and EEN- 
B2(4r) from human genomic DNA. The amplified fragment was 
cloned into pGEM-T vector, and partially sequenced from both 
ends. 


Gene expression studies by Northern blot hybridization and PCR 
analysis 


Polyadenylated [poly(A)*}selected human and mouse RNA 
multiple-tissue Northern blots (Clontech, Palo Alto, CA, U.S.A.) 
were hybridized with a cDNA probe derived from specific coding 
sequence or the 3’-untranslated regions of the genes. Probes used 
for hybridization included: (i) a 1.6-kb Pst] fragment spanning 
part of the coding and 3’-untranslated region of EEN; (ii) a 2.8- 
kb probe covering the coding and part of the 3'-untranslated 
region of EEN-Bl1; and (ii) a 400-bp EEN-B2 probe derived 
from the 3'-untranslated region shared by EEN-B2-L1, EEN- B2- 
L2 and EEN-B2-L3. The probes used for mouse blots were 
essentially the same as those used for in situ hybridization (ISH; 
see below). Hybridization was performed under standard high- 
stringency conditions [32]. The expression of EEN-B1 and each 
of the EEN-B2 transcripts was examined by PCR on a human 
multiple-tissue cDNA panel (Clontech). In each PCR reaction, 
approx. 0.4ng of cDNA from different tissues, previously 
normalized with six different housekeeping genes, was amplified 
using 2.5 pmol of gene-specific primers. These primers were 


similar to those used for the amplification of EEN-B1 and EEN- 
B2 transcnpts from brain tissues, with one exception, i.e. 
amplification of total EEN-B2 transcripts (ALL EEN-B2), in 
which primers EEN-B2(3f) and EEN-B2(1lr) were designed from 
the common sequence shared by all four EEN-B2 transcripts 
(Table 1; also see Figure 1) The qualities and normalization of 
the cDNA panel were assessed by comparison with actin PCR. 


ISH 


The same murine cDNA templates (kindly given by B. Kay, 
University of Wisconsin-Madison, Madison, WI, U.S.A.) were 
used for both whole-mount and section ISH. Riboprobes used 
for ISH included: (i) a 2-kb fragment covering the coding 
sequence and both 5'- and 3’-untranslated regions of SH3p8/ 
endophihn II (murine EEN); (u) an 800-bp fragment spanning 
part of the coding sequence and 5’-untranslated region of 
SH3p4/endophilin I (murine EEN-B1); and (iii) a 900-bp probe 
covering part of the coding sequence and 3'-untranslated region 
of SH3p13/endophilin III (murine EEN-B2). Whole mount 
embryo ISH was performed as described previously [33] using 
digoxigenin-labelled UTP as a substrate for the transcription of 
probes in vitro Embryos at 8.5- and 9.5-days post-coitum (dpc) 
were collected from FBB mice and fixed in 4% (v/v) para- 
formaldehyde overnight before protease K treatment. After 
overnight hybridization at 65 °C, the embryos were washed three 
times at 65 °C with 0.2 x SSC (where 1 x SSC is 0.15 M NaCl/ 
0.015 M sodium citrate) for 30 min each. Hybridization signals 
were detected by ELISA using anti-digoxigenin alkaline phos- 
phatase and X-phosphate/Nitro Blue Tetrazolium. Section ISH 
was performed using *S-radiolabelled riboprobes, according to 
a standard protocol. Mouse embryos or tissues were snap-frozen 
in liquid nitrogen and then fixed in 4% (v/v) paraformaldehyde 
for 20 min. Overnight hybridization was performed at 55 °C with 
a probe concentration of 1 x 10? c.p.m./ml. Non-specific probe 
binding was washed off at 55°C with 2x and 02xSSC for 
60 min each. The slides were dipped into emulsion (Amersham 
Pharmacia Biotech, Little Chalfont, Bucks., England) and 
exposed for 2-4 weeks before signal development. The sections 
were counter-stained with haematoxylin and eosin, and silver 
granules were examined under both a light microscope 
(Axiophot; Zeiss, Cologne, Germany) and a stereomicro- 
scope (SV11; Zeiss). 


Production of glutathione S-transferase (GST) fusion protein and 
in vitro-synthesized proteins 


SH3 domains of EEN family members (EEN, EEN-B1 and 
EEN-B2), human amphiphysin I (Genbank® accession no. 
U07616; 590-695 amino acids) amphiphysin II (GenBank® 
accession no. U87558; 496-593 amino acids ), and RasGAP 
(GenBank? accession no. M23379; 274—347 amino acids) were 
amplified by PCR on appropriate cDNA templates, and cloned 
in-frame into pGEX vectors that express recombinant GST 
fusion protems. Constructs were verified by DNA sequencing 
prior to the expression of the GST fusion protein in the host 
strain DH5a upon isopropyl f-p-thiogalactoside induction using 
a standard method. Various deletion constructs of EEN-B2 were 
also amplified and cloned into pGEM-T vectors for protein 
synthesis in vitro. Human dynamin-I and the rat synaptojanin 
145-kDa isoform were kindly given by De Camilli (Yale Uni- 
versity, New Haven, CT, U.S.A.). Following column purification 
(Qiagen, Hilden, Germany), 1 wg of each plasmid DNA was 
expressed using the’ TNT-coupled-reticulocyte lysate system 
(Promega, Madison, WI, U.S.A.) according to the manu- 
facturer’s instructions. All protein products were analysed on an 
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SDS/12% (w/v) polyacrylamide gel, and subjected to auto- 
radiography or immunoblotting using an anti-GST antibody. 


Competitive GST binding assays 


GST fusion proteins (1 wg) were preincubated with gluta- 
thionine-Sepharose beads (Amersham Pharmacia Biotech) in 
NETN buffer [0.5% (v/v) Nonidet P-40/20mM Tris/HCl 
(pH 8.0)/100 mM NaCI/1 mM EDTA] for 60 min at 4 °C, and 
subsequently used for protein competitive-binding assay: S- 
labelled in vitro-synthesized dynamin/synaptojanin was added 
with 1, 5, 25 or 50 ug of competitor proteins to the beads. These 
proteins were synthesized as GST fusion proteins, except that 
the GST portions of the fusion proteins had been removed by 
factor Xa (Amersham Pharmacia Biotech) digestion according to 
the manufacturer's instructions, so they could not bind to the 
giutathionine-Sepharose bead. After a 90-min incubation at 


` 4 °C, the beads were washed five times in buffer H [20 mM Hepes 


(pH 7.7)/50 mM KCI/2094 (v/v) glycerol/0.1 95 (v/v) Nonidet 
P40/0.007 % 2-mercaptoethanol]. Bound proteins were eluted by 
boiling in SDS/PAGE loading buffer, resolved by electrophoresis 
and detected by autoradiography. All competitive binding assays 
were repeated at least twice to confirm the results. 


RESULTS 
Cloning of the EEN gene family 


Using EEN-related sequences to screen a human fetal-brain 
cDNA library, several overlapping clones containing EEN hom- 
ologous sequence were identified. Sequence analysis indicated 
that these clones could be aligned to form five major contigs 
Four of these (subsequently referred to as EEN-B2-L1 to EE2- 
B2-L4) appeared to be derived from a single gene (EEN-B2) and 
the fifth was referred to as EEN-Bl, on account of their 
preferential expression in brain (described below). The three 
members of the EEN protein family, EEN, EEN-B1 and EEN- 
B2, share over 7095 amino acid sequence identity and highly 
homologous C-terminal SH3 domains (with 8095 amino acid 
identity) These have also been identified by degenerative PCR 
amplification, and named as SH3GL1, SH3GL2 and SH3GL3 
respectively [5]. BLAST homology searches revealed that EEN, 
EEN-B1 and EEN-B2 are the human homologues of the mouse 
endophilin II, endophilin I and endophilin III [4]. The identity 
between each of the human and mouse homologues is over 85 94 
at the nucleic acid level, and 90% at the amino acid level. 


identification of variant transcripts of EEN-B2 


During the course of cDNA library screening, four highly related 
cDNA clones encoding EEN-B2 were identified. Sequence analy- 
sis and restriction mapping revealed that they represent four 
different types of EEN-B2 transcripts, i.e EEN-B2-L 1, -L2, -L3 
and -L4 (Figure 1). These transcripts could arise from the 
utilization of alternative transcriptional start sites and splicing 
vanations. Compared with other transcription variants of EEN- 
B2, EEN-B2-L1 equivalent to EEN-B2 in Figure 1 shows highest 
overall sequence homology with transcripts of EEN and EEN- 
B1. Conceptual translation of the EEN-B2-L1 cDNA sequence 
revealed that the longest open reading frame codes for a 40-kDa 
polypeptide containing an SH3 domain at the C-terminus and 
several in-frame, internal methionine codons (AUGE? in Figure 
1). EEN-B2-L2 is similar to EEN-B2-L1, apart from a 7-bp 
deletion upstream of AUG", which could result in a frame- 
shifted translated protein product. (This -L2 transcript was also 
represented by the EST clones with accession numbers H50251, 
H20385 and H19489.) Interestingly, the EEN-B2-L2 transcript 
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Figure 1 Sehematie representation of partial genomic structure and alternatively spliced forms of £EN-B2 identified In cDNA Ilbrary screening 


The putative start codon and the first four Internal methionine codons identified in EEN-B2-L1 are indicated as AUGS, AUG!, AUG", AUG!" and AUG" respectively The In-frame-inserted methionine 
In EEN-B2-L3 is indicated as AUG? Large and small rectangular blocks represent predicted coding sequences and untranslated regions respectively The thick vertical black line and astensks 
indicate the 7-bp mini-exon. sequence and stop codons respectively The chequered- and hatched-shaded boxes represent sequence specific to EEN-B2-L3 and EEN-B2-L4 respectively, The 3 2- 
kb genomic fragment amplified by EEN-A2(21) and EEN-B2(3r) primers is shown on the top The consensus 3’-splice site, including the 7-bp alternative splice acceptor, Is written in block lettenng 
at the top of the diagram The location of SH3 domalns, A/u homologous sequences (Alu), potyadenylation signal sites (poly A) and the primers used for PCR analysis [arrows labelled with 1f, 


(forward)-6f and 1r (reverss)—5r] are also shown in the diagram 


could encode an N-terminal-truncated protein retaining the 
functional SH3 domain if internal methionines (AUGHI-AUG!Y) 
downstream of the deletion were utilized as initiation codons. 
The EEN-B2-L3 transcript differs from EEN-B2-L] in having a 
513-bp fragment with multiple stop codons between the putative 
starting methionine (AUG?) and the first internal methionine 
(AUG?) of EEN-B2-L1 (Figure 1). However, the 513-bp insertion 
would introduce a new in-frame methionine (AUGT), which 
could be used to make a protein product with a new 22-amino- 
acid sequence which might replace the first 15 amino acids 
encoded in EEN-B2-L1. The EEN-B2-L4 transcript was the 
longest, with additional non-coding sequence at the 5'-end and 
an alternative 3'-sequence, which would lead to the replacement 
of the SH3 domain (Figure 1). 


Alternative translation initlations for EEN-B2 transcripts 


In order to test whether any of the internal methionine codons in 
EEN-B2 transcripts could be used for translation initiation, in 
vitro transcription and translation assays were performed. The 
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EEN-B2-LI cDNA clone yielded three protein bands (Figure 2): 
a faint 40 kDa band that is likely to be initiated from the putative 
start codon, AUG? (Figure 1), and two strong but smaller 
protein bands, most likely resulting from initiation from the first 
and second internal methionine codons (AUG! and AUG! 
respectively). The use of these two internal methionines was 
confirmed by testing two types of EEN-B2-L1 cDNA deletion 
constructs in the assay. With EEN-B2-Alst Met (in Figure 1, the 
EEN-B2-L1 cDNA clone with deletion of 5’ sequence, including 
the AUG? codon), the two smaller protein bands were produced, 
whereas only the smallest band was present when EEN-B2-A2nd 
Met (in Figure 1, the EEN-B2-L1 cDNA clone with both AUG? 
and AUG! deleted) was used (Figure 2). From the intensities of 
the bands observed, we conclude that AUG! and AUG? function 
more efficiently than the AUG? codon in vitro. When the EEN- 
B2-L3 cDNA clone was tested, three protein bands of similar 
intensities were produced; two smaller proteins were initiated 
from AUG! and AUG", and the third of approx. 41 kDa was 
possibly from the new methionine codon AUGf (Figure 1) 
within the unique 513-bp sequence. When the EEN-B2-L2 cDNA 


EEN-B2 (EEN-B2-L1) 
EEN-B2-Alst met 
EEN-B2-A2nd met 
EEN-B2-L2 
EEN-B2-L3 


66 kDa 


45 kDa 


29 kDa 


21 kDa 





Figure 2 Analysis of protein encoded by different clones of the EEN family 


Major protein products with sizes corresponding to those encoded by the longest open reading 
trame were generated for EEN and EEN-B1 clones. Multiple protein products were produced for 
EEN-B2 clones. Molecular sizes of the proteins are given in kDa to the left of the gel. The 
structures of EEN-B2 clones used are shown in Figure 1. EEN-B2-A1st met and EEN-B2-A2nd 
met, EEN-B2 with the first or first and second methionines deleted, respectively 


clone was used, a polypeptide of approx. 31 kDa was observed. 
On the basis of the size of the predicted protein product, this 
could result from the use of the fourth internal methionine, 
AUG", as an initiation codon. We believe that the preferential 
use of the fourth internal methionine as the initiation codon is 
the result of a better match to the ACCATGG Kozak consensus 
sequence [34]. There is also a weak 23-kDa band from EEN-B2- 
derived transcripts that could be an N-terminal-truncated prod- 
uct upon utilization of an internal initiation codon. Together 
with the alternative splicing patterns of the EEN-B2 gene, our 
data indicate the presence of complex regulation of the EEN-B2 
gene at the levels of both transcription and translation. In 
contrast, EEN and EEN-BI cDNAs generate only a single major 
protein product corresponding to the longest open reading frame 
(Figure 2), although these four internal in-frame methionines of 
EEN-B2 are conserved in EEN and EEN-BI sequences. 


Amplification of EEN-B2 transcripts (-L1 to -L4) from human brain 
tissues 


To study the expression of EEN-B2 variants in human brain, 
— PCR amplification was performed with specific primers for each 
transcript in normal adult and fetal brain, and medulloblastoma 
(Figure 3A). Transcript-specific primer pairs for EEN-B2-L3 and 
EEN-BI resulted in the amplification of RNA transcripts from 
all three samples, but not in the control genomic DNA. The 
EEN-B2(\f) and EEN-B2(2r) primer pair, which flanked the 7-bp 
deletion identified in EEN-B2-L2, resulted in the amplification of 
doublets from the brain samples. Sequence analysis showed that 


Expression and protein-binding studies of the FEN gene family 451 


the lower band of 372 bp was derived from the EEN-B2-L2 
transcript, which had a 7-bp deletion, whereas the upper band of 
379 bp was amplified from EEN-B2-L1 (Figure 3A), confirming 
the presence of these two transcripts. However, EEN-B2-L4- 
specific primers did not generate a PCR product, indicating that 
the cDNA clone might represent an incompletely processed form 
of EEN-B2. 


EEN-B2-L2 is generated using an alternative 3 -splice acceptor 
site 


In order to distinguish whether EEN-B2-L2 was derived from 
alternative splicing of EEN-B2-L1 or from a separate EEN-BZ- 
like gene, PCR analysis was performed on human genomic DNA 
using another pair of transcript-specific primers, EEN-B2(2f) 
and EEN-B2(3r), flanking the 7-bp deletion of EEN-B2-L2 
(Figure 1). A DNA fragment of 3.2 kb was amplified and 
sequenced. Comparison of the DNA sequences of this fragment 
with the EEN-B2-L1 cDNA indicated the presence of a 3.1-kb 
intron with perfect 5'- and 3’-splice sites at the junctions (GT-AG 
consensus) (Figure 1). At the 3’-splice site, the sequence was 
aag/CATACAG/ (potential 3’-cryptic splice sites are shown 
underlined and in italics), suggesting that there are two potential 
alternative splice junctions (Figure 1). of which the second with 
a 5’ cytosine (C) could be preferred to the first one with adenosine 
(A) in front of the consensus AG splice sequence. This is also 
consistent with the scanning model of RNA splicing [35]. and 
suggests that differential splicing at these two sites would produce 
two transcripts differing by 7 bp. Thus the EEN-B2-L2 transcript 
is likely to be an alternatively spliced form that is 7 bp shorter 
than EEN-B2-L 1. 


Expression of EEN-B1 and EEN-B2 transcripts is spatially and 
temporally specific 


The expression of EEN, EEN-BlI and EEN-B2 was examined in 
Northern blots of poly(A)’ RNA from different human and 
mouse tissues (Figure 3B), as well as by reverse transcriptase 
(RT)-PCR analysis on human multiple tissue cDNA panels 
(Figure 3C). In contrast with EEN mRNA, which was expressed 
ubiquitously in all adult tissues tested, EEN-Bl and -B2 mRNAs 
were preferentially expressed in brain and testis of adult mice, 
with higher levels of EEN-B1 mRNA expression in the brain and 
higher levels of EEN-B2 mRNA signal in the testis. Within the 
central nervous svstem (CNS), EEN-B2 and EEN mRNA were 
both expressed at a high level in most parts of the brain and 
spinal cord, whereas EEN-Bl mRNA is preferentially expressed 
in regions enriched in neurons, including cerebral and cerebellar 
cortex, occipital lobe, frontal lobe and temporal lobe, but only at 
a very low level in the spinal cord, corpus callosum and 
subthalamic nucleus. Using RT-PCR analysis, EEN-Bl was 
found to be expressed weakly in most non-neuronal tissues, but 
not in adult colon or leucocytes (Figure 3C). 


EEN-B2 variant transcripts were differentially expressed in 
various tissues 


To investigate whether the various EEN-B2 transcripts were 
differentially expressed, PCR analysis was performed using 
primers specific for individual EEN-B2 transcripts. When EEN- 
B2\f) and EEN-B2(2r) primers were used, doublets were ampli- 
fied from all the tissues in which these transcripts were expressed, 
including adult brain, testis and thymus. In each doublet, the 
intensity of the smaller band, corresponding to EEN-B2-L2, was 
much weaker (Figure 3C), Using EEN-B2-L3 transcript-specific 
primers, the tissue distribution of the EEN-B2-L3 transcript was 
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Figure 3 Expression analysis of EEN family in human and mouse tissues 


(A) PCR amplification of EEN-B1 and -B2 variant transcripts from various human brain tissues. Transcripts that were amplified are indicated above the brackets. cDNA templates (i.e. EEN, EEN 
B1 and EEN-B2-L1—L4) and genomic DNA were used as positive and negative controls respectively for each amplification. The relative positions of EEN-B2-L1 and EEN-B2-L2 transcripts are indicated 
to the left of the bottom left gel in (A). In the comparative actin PCR, the arrowhead indicates the contro! actin band amplified from internal contro! plasmid DNA, whereas the arrow indicates 
the actin amplified from the cDNA samples. Actin PCR was also performed using a 3-fold dilution of the cDNA templates. (B) Northern blot analysis of the EEN family in the human nervous system 
(left and centre panels of gels) and mouse multiple tissues (right panel of gels). These blots were hybridized with human and mouse probe (see the Experimental section). Each blot was normalized 
with actin hybridization. Molecular sizes of RNA fragments are given in kb. (C) Differential expression of EEN-B1 and -B2 splice variants assessed by PCR analysis on multiple tissue CDNA panels 
The transcripts that were amplified are indicated at the bottom of each panel. ' ALL EEN-B2' represents the amplification o! EEN-B2-L1—L3 transcripts. Arrows indicate specific products amplified 
from the samples: the arrowhead to the right of the ALL EEN-B panel indicates the control actin band amplified from the internal control plasmid DNA, as shown in (A) 1. adult heart; 2. adult 
brain; 3, placenta; 4, adult lung; 5, adult liver; 6, adult skeletal muscle; 7, adult kidney; 8, adult pancreas; 9, adult spleen; 10, adult thymus; 11, adult prostate; 12, adult testis, 13, adult ovary 
14, adult small intestine; 15, adult colon; 16, adult peripheral blood leucocyte: 17, fetal heart; 18, fetal brain; 19, fetal lung; 20, fetal liver; 21, fetal skeletal muscle; 22. fetal kidney; 23, letal 


spleen; 24, fetal thymus; c, contro! plasmid DNA; M, 100-bp ladder marker 


similar to the overall EEN-B2 expression pattern (Figure 3C, 
ALL EEN-B2), except that EEN-B2-L3 transcripts were present 
in neither adult nor fetal thymus. No signal could be amplified 
from any of the tissues using EEN-B2-L4-specific primers (results 
not shown), suggesting that this transcript is not normally 
expressed in those tissues that were tested. 


Expression of the EEN family in mouse embryos 


To examine the expression patterns of EEN family members 
during embryonic development, whole-mount and section ISHs 
of mouse embryos were performed using riboprobes transcribed 
from the murine homologues of the EEN family [4]. The murine 
EEN was widely distributed in 8.5 dpc mouse embryos and by 
9.5 dpc, high levels of expression were detected throughout the 
entire embryo (Figures 4A and 4B). This expression pattern 
persisted in later-stage embryos (10.5, 12.5 and 14.5 dpe), as 
shown in Figures 4(G), 4(L) and 4(Q). Therefore the murine 
EEN mRNA appears to be expressed ubiquitously during 
embryonic development. 

The expression patterns of murine EEN-Bl and EEN-B2 
mRNA were very similar, and their onset of expression was 
much later than that of murine EEN. No expression could be 
detected in 8.5 or 9.5 dpc embryos by whole-mount ISH (Figures 
4D and 4E). However, by 10.5 dpc, both murine EEN-BI and 
EEN-B2 messages were observed, and their expression appeared 


to be confined to the developing CNS, including various parts of 


brain (throughout the telencephalon, mesencephalon, meten- 
cephalon and myelencephalon) and spinal cord (Figures 4H and 


41). The expression for these two genes at this stage appeared to 
be stronger in the ventral region of the CNS. In addition, 
vascular structures, such as dorsal aorta and the epithelial 
surface of the branchial arches, also expressed the EEN-B1 and 
-B2 mRNA. At 12.5 dpe, the signals detected in the developing 
CNS were uniform and stronger: almost all neurons in the spinal 
cord and brain expressed EEN-Bl and EEN-B2. Hybridization 
signals could also be found in tissues of the peripheral nervous 
system. High levels of EEN-Bl and EEN-B2 mRNA expression 
were seen in the outermost laver of the cortical plate in the 
telencephalon (cortical neuroepithelium), as well as spinal 
ganglia. At the same time, weak signals were also detected in 
some non-neuronal tissues, including kidney, intestine and lung 
(Figures 4M and 4N). At 14.5 dpc, EEN-B] and EEN-B2 
mRNAs were strongly expressed in all neurons of the CNS, 
including the olfactory bulb. Signals can also be seen in the 
cranial ganglia of the developing nervous system, and in 
the developing cochlea (Figures 4R and 4S). At this stage, the 
expression levels of EEN-Bl and EEN-B2 in non-neuronal 
tissues, including kidney, adrenal medulla, intestine and lung. 
were remarkably higher than that at 12.5 dpc. 


Expression of EEN family members in mouse adult brain and 
testis 


To examine in more detail the expression of EEN family members 
in adult tissues, ISH on mouse tissue sections revealed that EEN- 
Bl and EEN-B2 mRNAs were widely expressed throughout the 
adult brain, including the cerebral cortex, hippocampus, cer- 
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Figure 4 Temporal and spatial patterns of EEN family expression during mouse embryonic development by ISH 


Whole-mount mouse embryos of 8.5 (A) and 9.5dpc (B-E) were hybridized with digoxigenin-labelled mouse EEN antisense probe (A, B), EEN sense probe (C). EEN-B1 antisense probe (D) and 
EEN-B2 antisense probe (E) respectively. Mouse embryos of 10.5 (F-J). 12.5 (K-0) and 14.5 dpe (P-T) were sectioned and hybridized with 2°S-radiolabelled mouse EEN antisense probe (G 
L and Q), EEN-B1 antisense probe (H, M and R) or EEN-B2 antisense probe (I, N and S) respectively. All EEN, EEN-B1 and EEN-B2 probi be 

y the EEN sense probe (J, O and T) was shown. Bright fields of 10.5, 12.5 and 14.5 dpc embryos were shown as (F), (K) and (P f chlea 
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ebellum, brain stem, thalamus and striatum (Figures 5C and 5D). 
Highest levels of expression were detected 1n regions with high 
neuronal density, such as the cerebral cortex, cerebellum, the 
dentate gyrus and pyramidal cell layer of the hippocampal 
formation. Morphological appearance of cells showing 
hybridization signals suggested that both EEN-BI and EEN-B2 
are expressed in neurons; the expression pattern of EEN in adult 
brain was similar to that of EEN-B1 and EEN-B2, with ex- 
pression predominantly occurring in the grey matter, except for 
a low level of EEN expression that was detected in the white 
matter and the epithelium of the choroid plexus (Figure 5B). 

In the hippocampus, the expression of EEN-B1 and EEN-B2 
in pyramidal cells CA3 was much stronger that in CA1, CA2, 
CA4 and dentate gyrus (Figures SG and 5H); whereas EEN 
mRNA showed a similar level of expression in pyramidal cells of 
CA1 to CA4, and the dentate gyrus (Figure 5F). In the cerebral 
cortex, the expression of EEN family members were restricted to 
the neuronal cells of the granular layer, and were not found in the 
molecular layer (Figures 5J—5L). Similar expression patterns 
were also found in cerebellar cortex, with predominant expression 
in cerebellar granular layer and Purkinje cells and weak 
signals in the molecular layer (Figures 5N—5P). Although the 
striatum has a low neuronal density, cells in striatum with 
morphological characteristics consistent with neurons expressed 
high levels of EEN-family-member mRNAs, whereas glial cells 
did not (Figures 5R-5U) 

Besides the adult brain, testis is the only mouse tissue where 
the three EEN family members are co-expressed (Figure 3B). 
ISH revealed that all EEN family members were highly expressed 
in seminiferous tubules in the testis (Figures 5V—5X). High 
magnification revealed that EEN-B1 and EEN-B2 were expressed 
in the basal lamina of the seminiferous epithelium, containing 
Sertoli cells and immature spermatogonia, whereas EEN was 
predominantly expressed in the primary and secondary spermato- 
cytes, although weak EEN expression could also be seen in 
Sertoli cells and Leydig cells (Figures SAA-SCC). The expression 
of EEN family members in Sertoli cells has been confirmed 
further by RT-PCR analysis using RNA extracted from primary 
Sertoli cell culture of purity > 98%, prepared as described 
previously ([36], and results not shown). 


EEN family members and amphiphysin compete for synaptojanin 
and dynamin 


To assess the relative binding affinity of individual members of 
the EEN family to their potential interacting partners, synapto- 
janin and dynamin, various amounts (1-50 ug) of SH3-domain 
proteins derived from EEN family members (EEN and EEN-B1) 
were used as competitors to compete with different GST fusion 
proteins containing the SH3 domains of EEN family members 
for binding with ?5S-labelled synaptojanin and dynamin. Since 
similar results were obtained using synaptojanin or dynamin as 
input; we only show here the result with synaptojanin. As shown 
in Figure 6(a), B1-SH3 protein could readily compete with both 
GST-EEN-SH3 and GST-B2-SH3 fusion proteins for binding 
with synaptojanin, indicating that B1-SH3 protein has a higher 
affinity for synaptojanin and dynamin compared with EEN and 
REN-B2. On the other hand, EEN-SH3 protein could compete 
only with GST-B2-SH3, and not with GST-B1-SH3, for binding 
with synaptojanin and dynamin, whereas B2-SH3 could not 
inhibit any binding of GST-EEN-SH3 or GST-B1-SH3 (results 
not shown). These inhibitions were unlikely to be due to non- 
specific binding, since no inhibition was found using 50 ug of 
RasGAP-SH3 protein, which exhibits a different binding speci- 
ficity. The competition results suggested that the binding affinity 


of EEN family members to synaptojanin and dynamin, in 
order of decreasing affinity, was EEN-B1 > EEN > EEN-B2. 
Since members of the EEN family, amphiphysin, synaptojanin 
and dynamin have overlapping domains of expression in the 
neural tissues, we wanted to identify whether EEN family mem- 
bers and amphiphysin could compete under normal circum- 
stances for binding with synaptojanin and dynamin. Since the 
SH3 domains of amphiphysin I and II are known to bind to the 
same PRD on dynamin [37], they were used as a positive control 
in the protein competitive-binding assay. We showed that amphi- 
physin I-SH3 protein could efficiently compete with GST- 
amphiphysin-H-SH3 fusion protein for synaptojanin when 25 ug 
of competitor protein was used (Figure 6b). When amphiphysin- 
I-SH3 protein competed with GST—EEN family proteins, inhi- 
bition could be seen using <50yg of competitor protein 
(Figure 6b). Similar results were obtained using dynamin as the 
input (results not shown). Inhibition was not found using 50 ug 
of RasGAP-SH3 protein. Our results suggested that, in terms of 
binding affinity, amphiphysin could compete with EEN family 
members for binding with synaptojanin and dynamin. 


DISCUSSION 


The EEN family belongs to the group of SH3-domain-containing 
proteins, which have been implicated in many biochemical 
processes, including cell proliferation and differentiation, cell 
architecture, protein trafficking and subcellular localization, as 
well as the immune response to infection (for a review, see [38]. 
Studies in vitro and in vivo have shown that the EEN family is 
now known to interact with dynamin, synaptojanin, endocytic 
proteins involved in endocytosis [1,2] and leukaemia [3], as well 
as with HD, which is implicated in Huntington's disease [25]. 
There are few data, however, 1n existence comparing the ex- 
pression of the EEN family in various mouse and human tissues 
with that reported for dynamin, synaptojanin and HD, or from 
binding studies, which may reveal further insights into how the 
EEN family mediates various cellular functions. 

Using the combination of Northern blot analysis, RT-PCR 
and ISH, we have shown that the EEN family members, despite 
high sequence and structural similarities, have distinctive but 
overlapping expression domains. Our data show that EEN 
is ubiquitously expressed in most tissues, whereas EEN-B1 ıs 
expressed mainly in adult brain and REN-B2 is expressed in both 
the brain and the testis. Within the brain, the expression of EEN- 
Bl and EEN-B2 in the brain is highest in the neurons of the 
granular layer of the cerebral cortex, the internal granules and 
Purkinje cells of cerebellar cortex and hippocampus; these 
expression patterns are parallel with those reported for dynamin- 
I/II [28,39] and synaptojanin-I [40]. In the testis, EEN-B1 and 
EEN-B2, like testis-type dynamin, i.e. dynamin-III [29,41], are 
preferentially expressed in the Sertoli cells, which are known to 
elaborate endocytic processes and nurse developing germ cells. 
Taken together, our results support a role for the EEN family 
members in endocytosis in both the brain and the testis. We also 
show that EEN family members are not functionally redundant, 
and might act in different tissues at different developmental 
stages. This is apparent from the expression patterns of EEN-B1 
and EEN-B2, both are expressed similarly in mouse embryos, 
whereas in the adult stage only EEN-BI1 is expressed in the 
mouse adult kidney. 

Qur detailed studies in the brain have revealed two unexpected 
findings. First, there 1s intense expression of EEN-BI and -B2 in 
the CA3 area of the hippocampus; this is the same region where 
dynamin and synaptojanin are highly expressed. To date, very 
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Figure § Expression of EEN family members in adult brain (A—U) and testis (V-Y, and AA—DD) 


witta action: Form e bra A E wer yl tize iw "n c rad shelled m USE ant ense ft hr i FEN B Ff N B1 C FEN Z D +f p e proni T Phontnrr , 
nulsion-dipped sections of hippocampal formation (F—-4), cerebral cortex (J-M), cerebellar cortex (N—Q), striatum (R-U) and testi V-Y and AA- DD) that were hybridized with antise 
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Figure 6 Competitive binding assay of synaptojanin among members of the EEN family and amphiphysin 


(a) Top panels: immobilized GST fusion proteins of B1-SH3 (left) and B2-SH3 (right) were incubated with *°S-labelled synaptojanin-145 in the presence of 0, 1, 5, 25 or 50 pg of EEN-SH3 
protein respectively. Bottom panels: immobilized GST fusion proteins of EEN-SH3 (left) and B2-SH3 (right) were incubated with *°S-labelled synaptojanin-145 in the presence of 0, 1, 5, 25 or 
90 ug of B1-SH3 protein respectively. (b) Immobilized GST fusion proteins of EEN-SH3 (top left), B1-SH3 (bottom left), B2-SH3 (top right), and amphiphysin II (Amph 1I)-SH3 domains (bottom 
right) were incubated with °S-iabelled synaptojanin-145 in the presence of 0, 1. 5. 25 or 50 jig of amphiphysin | (Amph |)-SH3 protein respectively. The negative controls using 50 ug RasGAP- 
SH3 protein are also indicated for (a) and (b). Similar results were obtained using dynamin as the input (results not shown). 


few numbers of molecules that discriminate between sub-popu- 
lations of hippocampal cells have been identified [42]. The 
significance of the finding that these four different molecules are 
predominantly co-expressed in the CA3 area of the hippocampus 
is unclear; one possibility is that they might play a role in 
mediating the specific synaptic functions of this discrete area 
in the hippocampus. Secondly, we have found that EEN-B1/-B2 
and HD share similar expression patterns in both adult and fetal 
tissues [43-47]. Taken together with the observation that EEN- 
B2 has been found to interact with the glutamine expansion 
region of the HD protein and promotes the formation of insoluble 
polyglutamine-containing aggregates [25]. our findings suggest a 
link between the pathogenesis of Huntington's disease and the 
association of HD with EEN family members. 

In our study. we have also identified three different spliced 
variants of EEN-B2 (L1 to L3). which all contain a C-terminal 
SH3 domain. EEN-B2-L1 and EEN-B2-L2 possess identical 
expression patterns, whereas EEN-B2-L3 is expressed only in 
adult brain and testis, and not in the thymus, where LI and L2 
can be detected. Interestingly. the recent study on dynamin in rat 
tissues using RT-PCR has also identified multiple-spliced variants 


with different tissue specificity [31]. Most of these dynamin 
variants can be found in adult brain, but not in epithelial-based 
tissues, except in the testis, where over half of the splice variants 
of dynamin II and III can be detected. One could speculate that 
splice variants of the EEN family and dynamin may be targeted 
to different cellular compartments in order to carry out their 
functions. This speculation is consistent with a recent study on 
Intersectin, a newly identified SH3-domain-containing protein 
with an affinity for dynamin, in which different splice variants of 
Intersectin with specific tissue distribution were shown to be 
components of the endocytic machinery in neurons and non- 
neuronal cells respectively [48]. 

We have shown that, within the EEN family, the binding 
affinity of EEN-BI to synaptojanin and dynamin is higher than 
that of EEN and EEN-B2. Accordingly, EEN-B1 will preferen- 
tially interact with synaptojanin in the cells (e.g. in neurons) co- 
expressing other EEN family members. This result is consistent 
with the finding of EEN-BI /endophilin I as being the major 
synaptojanin-binding protein in rat brain [1]. However, com- 
petition in vitro can only be seen with large amounts of competitor 
proteins (e.g. 50 pg). 





of EEN (F, J, N. R. V. AA), EEN-B1 (G. K. 0, S, W, BB) and EEN-B2 (H, L, P. T. X CC) and EEN sense probes (1, M, Q, U. Y. DD) respectively. bs, brain stern: cc, cerebral cortex. ce, cerebellum 
dg, dentate gyrus. gl. granular layer; hi, hippocampus. le, Leydig cells; mo, molecular layer: py, pyramidal cell layer of the hippocampal formation; ser. Sertoli cells; spe. spermatocytes: spa 
spermatogonia; spl, spermatids; st. striatum; th, thalamus: wm, white matter. Arrows (white) indicate the Purkinje cells in (J). CA3, a type of pyramidal cell of the hippocampus 
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The possible role of the EEN family in clathrin-mediated 
endocytosis has been demonstrated by the recent finding of 
lysophosphatidic acid acyltransferase (LPA AT) activity of EEN- 
Bl/endophilin I [49]. The LPAAT activity of EEN-B1 converts 
an 'inverted-cone-shaped' lipid into a cone-shaped lipid, and 
induces membrane curvature, which leads to the formation of 
synaptic-like microvesicles (SLMVs). A C-terminal EEN-BI 
mutant lacking the dynamin/synaptojanin-binding SH3 domain, 
but still retaining LPAAT activity, was defective in the formation 
of SLMVs [49,50]. These findings demonstrated that protein- 
protein interaction of EEN-B1 via its SH3 domain is essential for 
mediating the formation of SLMVs. In addition to the EEN 
family, the SH3 domain of amphiphysin also binds specifically to 
dynamin and synaptojanin in the presynaptic termini. Using 
peptide-competition assays, we demonstrate that amphiphysin I 
will prevent EEN family members from binding to synaptojanin 
and dynamin. This inhibition possibly resulted from the steric 
effect of these two proteins binding, since EEN family proteins 
and amphiphysin bind to two adjacent PRDs on synaptojanin 
([51,52]; C. W. So and L. C. Chan, unpublished work). Previous 
studies in vivo [53] have shown that synaptojanin can form two 
separate and stable complexes in the nerve terminal, i.e. (i) 
synaptojanin with BEN-B1, and (ii) synaptojanin with amphi- 
physin and dynamin. Our finding of competitive binding between 
the EEN family members and amphiphysin suggest that amphi- 
physin may regulate the amount of synaptojanin and/or dynamin 
at the sites of endocytosis by controlling the availability of these 
proteins for the EEN family. Further studies in vtvo involving the 
overexpression of wild-type and mutant proteins of amphiphysin 
and EEN family members may help to address this possibility. 
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Characterization of N-myristoyltransferase from Plasmodium falciparum 
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The gene coding for myristoyl-CoA:protein N-myristoyl- 
transferase (NMT) has been cloned from the malaria parasite 
Plasmodium falciparum. The gene appears to be single copy and 
mRNA is expressed in asexual blood-stage forms. Comparison 
of cDNA and genomic sequences identified three small introns. 
The open reading frame codes for a 410-amino-acid protein and 
no evidence of forms with an extended N-terminal coding 
sequence was obtained. Residues important in substrate binding 
and in the catalytic mechanism in other species are conserved. 
The protein was expressed from a plasmid in Escherichia coli, 
partially purified and shown to have enzymic activity using a 
synthetic peptide substrate. Comparison of the malaria parasite 


protein with that derived from the human gene showed a different 
pattern of inhibition by chemical modification. Human NMT 
activity was inhibited by diethylpyrocarbonate and partially 
inhibited by iodacetamide, whereas P. falciparum NMT activity 
was not inhibited by either pre-treatment. Since the enzyme in 
infectious fungi is a target for potential chemotherapeutic drugs, 
it should also be investigated in the context of parasitic infections 
such as that responsible for malaria. 


Key words: malaria parasite, protein acylation, recombinant 
enzyme. 





INTRODUCTION 


Malaria is a debilitating disease transmitted by mosquitoes and 
caused by protozoa of the genus Plasmodium. Plasmodium 
falciparum causes the most serious illness and the asexual blood 
stage that replicates in erythrocytes may lead to coma and death 
within a few days. Due to emerging resistance against current 
anti-malarial drugs, there is an urgent need to identify new 
chemotherapeutic targets in malaria. 

One candidate target is myristoyl-CoA: protein N-myristoyl- 
transferase (NMT; EC 2.1.3.97. NMT catalyses the co- 
translational transfer of the C,, , fatty acid from myristoyl-CoA 
to the N-terminal glycine of a variety of cellular proteins [1]. 
There are several reasons why NMT may be an attractive target 
for chemotherapy of infectious eukaryotes, and ıt has been 
investigated in the context of fungal infections [2]. The activity of 
this acyltransferase is essential for fungal viability [3,4] and in 
Saccharomyces cerevisiae NMT is an essential gene [5]. Although 
the binding site for the acyl-CoA is highly conserved, the protein 
binding site 1s variable [6,7], and peptide binding studies suggest 
that the protein substrate specificity has diverged in different 
species [8]. Significant differences between NMT in humans and 
fungi have led to the design of peptidomimetic inhibitors, which 
are highly selective against Candida albicans NMT compared 
with the human enzyme [9,10]. These studies suggest that NMT 
is a potential target for chemotherapeutic drugs against fungal 
infections and should be investigated in the context of parasitic 
infections. 

Recently the structure of the C. albicans apoenzyme [11] and 
a ternary complex of the S. cerevisiae enzyme with bound 
myristoyl-CoA and peptide substrate analogues [12] have been 
reported, allowing the identification of the residues involved in 


substrate binding and a proposed catalytic mechanism. It has 
been proposed that acyl transfer occurs through a direct nucleo- 
philic attack of the glycine nitrogen on the carbonyl carbon of 
the thioester of myristoyl-CoA, following polarization of the 
carbonyl ın an oxyanion hole and proton transfer from the 
glycine «-amino group to the C-terminal carboxylate of NMT 
[12]. 

The NMT enzyme activity is not dependent on its N-terminal 
sequence. The first 59 amino acids of the yeast enzyme appear to 
be unnecessary for enzymic activity [7]. In mammalian cells a 
number of different-sized forms have now been described, 
resulting from transcription from two loci [13], differential 
mRNA splicing [14] and proteolytic cleavage of the N-terminus 
[15]. The extended form of NMT appears to contain a ribosomal 
targeting sequence [16]. 

Although there have been few studies that directly demonstrate 
N-myristoylation of P. falciparum proteins, potential substrates 
such as the ADP-ribosylation factor 1 (ARF1) have been 
identified [17]. Metabolic labelling studies in pathogenic fungi 
have identified the ADP-ribosylation factors as major substrates 
for NMT [2], which require N-myristoylation for biological 
activity. Here we report the cloning and sequence analysis of the 
P. falciparum NMT, describe expression studies in Escherichia 
coli and carry out an initial comparison between the parasite and 
human enzymes. 


MATERIALS AND METHODS 
Preparation of P. falciparum parasites, and extraction of nucleic 
ackis 


P. falciparum clone T9/96 was maintained in erythrocytes in 
continuous culture, as described previously [18]. Infected ery- 
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throcytes were harvested by centrifugation at 400 g for 5 min, 
washed twice with ice-cold PBS, and then lysed by the addition 
of 1% (v/v) acetic acid to release the intracellular parasites. 
After addition of a large volume of ice-cold PBS, the para- 
sites were harvested by centrifugation at 400 g for 5 min, washed 
twice with ice-cold PBS, and then stored at —70 ?C. 

Nucleic acids were prepared from the parasite material. The 
frozen extracts were thawed and genomic DNA prepared using 
the Blood and Cell Culture Genomic DNA Maxi Kit (Qiagen), 
according to the manufacturer's instructions. Total RNA was 
prepared from 3 8 x 10? infected red cells using the SNAP® Kit 
(Invitrogen) according to the manufacturer's guidelines. Approx. 
200 ng of RNA was used for cDNA synthesis using the cDNA 
Cycle Kit for reverse transcriptase PCR (RT-PCR; Invitrogen). 


PCR amplification with degenerate primers, isolation of a specific 
DNA fragment, analysis of products from Vectorette libraries, and 
assembly of the genomic sequence for P. falciparum NMT 


In the first step to cloning P. falciparum NMT, degenerate 
oligonucleotide primers were synthesized, based on regions of 
amino acid sequence homology between NMT of six different 
organisms, and biased for P. falciparum codon usage. Two 
primers, NMT2F [CCA/T GTA/T T/CTA/T ATA/T AAA 
GAA A/GTA/T AC (forward PVLIKEV/IT)| and NMT3R 
[CC ATC A/TCC NNN A/TCC AAA TTT (reverse 
KFGXGDG)], produced an approx. 630 bp product by PCR 
amplification from genomic DNA. This was confirmed to be part 
of the NMT gene by sequence analysis. 

In the second step a specific probe was used to screen a 
Southern blot and clone a hybridizing fragment. A 480 bp 
sequence was amplified by PCR from the partial NMT sequence, 
and labelled with [a-**P]dATP (Amersham), using the Prime-It H 
Random Labelling Kit (Stratagene), according to the manu- 
facturer’s guidelines. Southern blotting was carried out using 
5 ug of P. falciparum genomic DNA digested with several 
restriction enzymes. The DNA was transferred to Hybond-N 4- 
Nylon membranes (Amersham) overnight in 20 x SSC (where 
1 xSSC is 0.15 M NaCl/0.015 M sodium citrate) and im- 
mobilized by UV cross-linking. After probe addition and washing 
under high-stringency conditions (final wash in 0.1 x SSC/0.1 9 
SDS at 65 ?C for 15 min), hybridizing fragments were identified 
Based on the result of the Southern blotting, a fragment 
hybridizing to the probe was cloned from a library prepared in 
A-ZAP If (Stratagene) from size-fractionated BgiIJ-digested 
genomic DNA. This fragment was sequenced and found to 
extend 3’ from a Bgl site within the NMT gene. At this stage a 
shotgun sequence (PF2MJ) read in The Institute for Genome 
Research P. falciparum genome database was found to overlap 
the sequence obtained and it was used to extend the sequence for 
an additional 150 bp in the 5’ direction. These preliminary 
sequence data were obtained from The Institute for Genomic 
Research website (http://www.tigr.org). This sequencing was 
part of the International Malaria Genome Sequencing Project. 

In the final step to obtain the full sequence of P. falciparum 
NMT two rounds of Vectorette-II PCR were used to clone the 
remainder of the gene. Vectorette-IJ libraries were made ac- 
cording to the manufacturer's guidelines (Genosys) using 0.1 ug 
of T9/96 genomic DNA digested with either Alul, or Dral. PCR 
reactions were carried out in 100 ul reaction volumes, using 1 yl 
of each Vectorette-II library, 250 nM of Universal Vectorette 
Primer, 250 nM of NMT-specific primer, either NMTVEC2 
(AAC ACA TAA AAA ATT CAC CAC AGC) or NMTVEC4 
(GAT ATA AAT CCC TAC CAA CAA A), and 5 units of 
AmpliTaq Gold (Perkin-Elmer). Thermal cycling was as follows: 
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94°C for 2 min; 94°C for 1 min, 60°C for 2 min, 72°C for 
3 min for 40 cycles, followed by final extension step of 72 °C 
for 10 min. In the first round a 984 bp fragment was produced 
from the Dral library with the NMTVEC2 primer, cloned and 
sequenced; and in the second round a 702 bp fragment was 
produced from the A/ul library using the NMTVECA primer, 
cloned and sequenced. 


Cloning full-length P. falciparum NMT from genomic DNA and 
cDNA and confirmation of the putative translational start site 


To confirm the full-length NMT sequence, and to allow insertion 
of the DNA into an expression vector, it was amplified from 
both genomic DNA and cDNA using two primers, termed 
NMTORFIA and NMTORF2A. NMTORFIA (GGATCCCG 
AAT GAT GAT AAG AAA GAT TTT GTT GG) contained an 
artificial BamH restriction site (underlined) and NMTORF2A 
(G GAATTC AAG ATG GTG GIT ATA AAC TTA TAA 
TAA AAC) contained an artificial EcoRI restriction site. PCR 
reactions used 100 ng of genomic DNA or 50 ng of cDNA and 
KlenTag Polymerase (Clontech). Cycling conditions were 94 °C 
for 5 min for 1 cycle, 94 °C for 1 min, 64 °C for 30 s, 68 °C for 
2 min, for 30 cycles, followed by a final extension step of 68 °C 
for 10 min. PCR products were ligated into the TA vector used 
to transform E. coli TOP10, and the sequence of chosen inserts 
was obtained by automatic sequencing using an ABI 377 machine. 

The absence of an additional intron 5’ of the putative 
translational initiation site was confirmed by amplification using 
both genomic and cDNA as DNA templates using the primers 
NMTUP4 (CGT TAA AAT AAA ATA AAC C) and 
NMTVEC4. Products were analysed by agarose gel electro- 
phoresis and cloned and sequenced. 


Expression of P. falciparum NMT in E. coli 


The NMT open reading frame (ORF) was ligated into the 
expression plasmid pTrcHis-C (a vector that directs expression 
of the inserted sequence as a polypeptide fused to six histidine 
residues and the Xpress? epitope at the N-terminus), the 
DNA was used to transform Æ. coli TOP10 cells, and the DNA 
sequence was confirmed in a chosen clone. Bacteria from a single 
colony were grown overnight at 37°C in Terrific Broth, the 
culture was diluted 20-fold, and after a further 2 h (Daoa, 0.6-1.0) 
protein expression was induced by addition of 1 mM isopropyl 
f-D-thiogalactoside and overnight incubation at 37 °C. Bacterial 
cells were harvested by centrifugation and resuspended in ] ml of 
lysis buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 
10 mM imidazole and Complete*? Protease Inhibitor Cocktail 
EDTA-free from Boehringer Mannheim). They were then lysed 
by addition of lysozyme to a final concentration of 1 mg: ml! on 
ice for 30 min followed by sonication in a Sonics and Materials 
VibraCell Sonicator, for 4x 15 s bursts on maximum deflection. 
The lysate was cleared by centrifugation (147000 g, 1 h at 4 °C) 
and loaded on to a Ni?*-nitrilotriacetate (Ni-NTA) column 
(Qiagen), equilibrated with lysis buffer. The column was washed 
twice with wash buffer (50 mM sodium phosphate, pH 8.0, 
300 mM NaCl and 20mM imidazole), and then the bound 
protein was eluted from the column using elution buffer (50 mM 
sodium phosphate, pH 8.0, 300 mM NaCl and 1.0 M imidazole). 
The expressed protein was detected by Western blotting, using 
the Anti-Penta His (Qiagen) or the Anti-Xpress? Antibodies 
(Invitrogen). The blot was developed using a secondary antibody 
conjugated to horseradish peroxidase and ECL? reagents 
(Pierce), and exposed to X-Omat film (Kodak) for 10-30 s. 
Protein concentration was estimated using the BCA (bicin- 
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choninic acid) assay according to the manufacturer's guidelines 
and the reactions were incubated at 65 ?C for 1 h. 


NMT activity and Inhibition assays 


The assay was based on that of King and Sharma [19] that 
measures the ability of active NMT to transfer [*H]myristate 
from [*H]myristoyl-CoA, to the N-terminal glycine of a synthetic 
peptide in vitro. The assay was performed using human NMT 
(kindly provided by Dr Jeffrey Mclihinney (20]) and P. falciparum 
NMT expressed in E. coli. A peptide, termed PfG8, was designed 
based on the N-terminal sequence of the P. falciparum ARFI 
protein. This peptide contained the sequence Gly-Leu-Tyr-Val- 
Ser-Arg-Leu-Phe and conformed to the consensus sequence 
required for the N-myristoylation of proteins by NMT. The 
peptide sequence was verified after reversed-phase HPLC and 
provided as a freeze-dried powder (Peptide Synthesis Service, 
National Institute for Medical Research, London, U.K.), which 
was resuspended in DMSO to a final stock concentration of 
10 mM and used subsequently in the NMT assays. 

The NMT assay was carried out ın a final volume of 100 4l in 
30mM Tris/HCl, pH 7.4, containing 0.5 mM EGTA, 40 nM 
peptide, 1% (w/v) Triton X-100 and partial purified P. 
falciparum NMT (615 ng/assay). The reaction was initiated by 
the addition of 0.55 wC: of [3HImyristoyl-CoA (Amersham) and 
incubation at 37°C. Samples were removed at various time 
points and spotted on to P81 phosphocellulose paper (Whatman), 
which was then washed in three changes of 40 mM Tris/HCI at 
pH 7.3. The level of incorporation of [*H]myristoyl-CoA was 
quantified in 5 ml of Ready Safe Liquid Scintillation mixture 
(Beckman), in a Liquid Scintillation Counter (Beckman LKB 
Wallac 1216 Rackbeta). 

NMT enzyme assays were also carried out after preincubation 
of the partially purified enzyme (370 ng/assay) in the presence or 
absence of two known human-NMT inhibitors, 10 mM iodo- 
acetamide and 10 mM diethylpyrocarbonate (DEPC), at room 
temperature for 15min. The reaction was then initiated by 
addition of the peptide substrate and [?H]myristoyl-CoA and 
transferred to 37°C for a further 4 h in a reaction volume of 
50 ul. The assays were carried out in parallel with human NMT 
(100 ng/assay) as a positive control at 37 ?C for 30 min, unless 
otherwise stated. 


RESULTS AND DISCUSSION 


Isolatlon and sequencing of the full-length P. falciparum NMT 
gene 


The full NMT gene sequence was amplified from both genomic 
and cDNA. Initially, degenerate oligonucleotide primers based 
on conserved sequences in NMTs of six other organisms were 
used to amplify a genomic DNA fragment. This fragment was 
used to clone a Bgill fragment extending beyond the 3’ end of the 
ORF, and sequences extending 1n the 5' direction were obtained 
Jargely from overlapping Vectorette clones. Finally the full 
genomic and RT-PCR gene sequences were amplified and 
analysed. Southern-blotting experiments suggested that NMT 1s 
a single-copy gene in P. falciparum (results not shown). The 
amplification of P. falciparum NMT as an RT-PCR product 
indicates that the mRNA for this protein is expressed in the 
asexual blood stages of the malarial-parasite’s life cycle. 

The full-length NMT cDNA ORF contains 1230 bp, with the 
potential to encode a 48 kDa protein. The corresponding genomic 
DNA contains 1617 bp consisting of four exons; the first exon 
codes for the first five amino acids in the ORF. The three introns 
(all of which have the GT/AG boundary consensus) are located 


towards the 5' end of the coding region and span 117, 126 and 
144 bp, respectively. It has been shown that human NMT exists 
in two forms as a result of differential mRNA splicing, the longer 
form containing a lysine-rich N-terminal extension [14]. Com- 
parison of both genomic and cDNA sequences upstream of the 
proposed ATG initiation codon, based on the size of amplified 
products and sequence analysis, provided no evidence for a 
similar extended form of the protein in P. falciparum. 

An alignment of orthologous NMT sequences showed that the 
P. falciparum protein conforms to the pattern of extensive 
sequence conservation in the central and C-terminal regions of 
the protein (an alignment with three other sequences is shown in 
Figure 1), with most diversity at the N-terminus. The deduced P. 
falciparum NMT amino acid sequence is approx. 50% identical 
to human NMT and approx. 4095 identical to the two fungal 
enzymes. The N-terminal sequence divergence is most evident in 
both the Histoplasma capsulatum NMT [2] and the human NMT 
[13,14]. H. capsulatum contains an apparent N-terminal extension 
of 71 residues and human NMT can also contain an N-terminal 
extension resulting from differential mRNA splicing. This N- 
terminal extension is postulated to direct the normally soluble 
enzyme to the ribosomal fraction [16]. Previous studies using SS. 
cerevisiae NMT have suggested that the first 59 amino acids are 
not required for catalytic activity [7]. The data presented here 
indicate that there is no alternative start site for P. falciparum 
NMT and that the protein does not contain an N-terminal 
extension. 

All the residues known to participate directly in the enzymic 
mechanism or play critical regulatory roles in yeast NMT are 
conserved in the P. falciparum enzyme with the exception of 
Tle?®°, which is replaced by Val, and His*5 which 1s Tyr as in 
other non-yeast enzymes. A conserved cysteine residue (Cys?!* 
in Figure 1) is replaced by Ala in P. falciparum NMT. The two 
PROCITE signature sequences that uniquely identify NMT 
proteins, (KFGXGDG) and [(E/D)a/V)NFLC(V /DHK], are 


present. 


Expression of active P. falciparum NMT in E. coli 


To determine whether or not the protein could be expressed in an 
enzymically active form, the 1230 bp NMT cDNA obtained by 
RT-PCR was cloned into the plasmid pTrcHis-C and used to 
transform Æ. coli TOP10 cells. E. coli has no endogenous NMT 
activity [21]. The recombinant protein was expressed as a N- 
terminal hexa-histidine and Xpress? epitope-tagged fusion pro- 
tein and partially purified by affinity chromatography using a 
nickel-chelate (Ni-NTA) column. After induction of protein 
expression the NMT fusion protein was detectable by Western 
blotting using monoclonal antibodies anti-pentaHis (results not 
shown) and anti-Xpress® directed at the N-terminal tag coded 
by the expression vector (Figure 2). The fusion protein was 
purified partially by binding to a Ni-NTA column and eluted 
with 1.0M imidazole. The antibodies recognized a 47 kDa 
protein, 1n good agreement with the predicted size, in the crude 
lysate of bacteria expressing P. falciparum NMT (Figure 2, lane 
1) and material eluted from the nickel column (Figure 2, lane 3), 
but did not recognize proteins in the lysate of bacteria containing 
the expression vector alone (Figure 2, lanes 4-6). 

The assay for NMT activity is based on the transfer of the 
[*H]myristoyl group from myristoyl-CoA to a synthetic peptide 
and the binding of the [^H]myristoylated peptide to phospho- 
cellulose paper [19]. In the complete reaction mixture containing 
P. falciparum NMT and a peptide substrate based on the N- 
terminal amino acid sequence of the P. falciparum ARF1 protein 
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Figure 1 The deduced amino acid sequence of P. falciparum NMT aligned with that of two fungal and a corresponding human sequence 


The P. falciparum NMT (Pf) sequence is aligned with those of S. cerevisiae (Sc; accession no. M23726) and C. albicans (Ca; accession no. M80544), two fungal enzymes that have been used 
for X-ray crystallographic studies, and with the short form of human NMT1 (Hs; accession no. M86707). Residues identical in the P. falciparum sequence to one or more of the other three sequences 
are shaded; gaps inserted to improve the alignment are shown (.). Residues discussed in the text are indicated (°), together with the two PROCITE NMT signature sequences (underlined). The 


alignment was made using the program PileUp (Genetics Computer Group™}. 





Figure 2 Expression of P. falciparum NMT in E. coli and a partial 
purification 


lysate was prepared from bacterial cells and the soluble fraction applied to a Ni-NTA column. 
After washing the column, bound material was eluted with 1.0 M imidazole Samples of each 
fraction were resolved by SDS/PAGE analysis on a 12.5% gel and the proteins analysed by 
Western blotting using the Anti-Xpress™ monoclonal antibody. In lane 1, the total lysate from 
bacteria containing the P. falciparum NMT plasmid construct; lane 2, the proteins not bound 
to the column; lane 3, proteins bound to the column and eluted with imidazole; lane 4, the totai 
lysate fram control bacteria containing the plasmid without the NMT sequence: lane 5, proteins 
in the control lysate not bound to the column; lane 6, proteins in the control lysate bound to 
the column and eluted with imidazole. The mobilities of the molecular-mass markers are shown 
on the left in lanes t and 3 a 47 kDa band corresponds to the full-length P. falciparum NMT 
fusion protein. 


[17]. enzyme activity was detected, whereas in the absence of 
either peptide or NMT expression only background levels of 
radiolabel incorporation were observed (Figure 3). 
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Figure 3 Recombinant P. falciparum NMT is enzymically active 


The time course for P. falciparum NMT activity of protein purified from E coli using the Mi- 
NTA column. Samples were assayed as described in the Materials and methods section. The 
results of a representative experiment from three performed are shown as the means of duplicate 
samples (which consistently differed by less than 10%). Wil. P. a/ciparum NMT with synthetic 
peptide substrate; ©, P. falciparum NMT without peptide substrate; [], synthetic peptide 
substrate without NMT, A. control eluate with synthetic peptide substrate; @. contro! eluate 
without peptide substrate; 100% activity corresponds to an incorporation of 16297 c.p.m. 3H. 


Although the level of expression in E. coli was not high 
(12 ug:l of bacterial culture^), the protein could be detected by 
Western blotting and by enzymic activity. In view of the skewed 
codon usage, typical of P. falciparum genes, it is likely that 
expression levels would be improved by re-synthesis of the gene 
using E. coli-preferred codons. Furthermore, additional puri- 
fication steps will be required to obtain homogeneous enzyme. 
The sequence of the peptide used is consistent with the consensus 


Table 1 A comparison of the sensitivity of the malarial and human 
enzymes to chemical inhibition 


The inhibibon of human and P féciparum NMT actrites by treatment wth 10 mM 
iodoacetamide or 10 mM DEPC for 20 min at 37 °C was measured Samples were assayed as 
descnbed in the Materrals and methods section using an incubation pertod of 4h to allow 
maximal incorporation The results of a representative expenment are shown as the means of 
duplicate samples (which differed consistently by less than 1095). In this assay 100% activity 
corresponds to incorporations of 8645 and 6950 cpm °H for the human and P falciparum 
enzymes, respectively 


Activity (X) 
Assay Human NMT P falciparum NMT 
With pepüde substrate 100 100 
Without peptida substrate 11.3 29 
lodoacetamide pre-treated 53 0 1132 
DEPC pre-treated 22.7 85.5 





requirement for N-myristoylation and the specific incorporation 
of radiolabel due to NMT-dependent transfer of [?H]myristate to 
the peptide indicated that P. falciparum NMT is expressed as an 
enzymically active form in E. coli. 


Inhibition of P. falciparum NMT activity by chemical modification 


The sensitivity of both human and P. falciparum NMT to 
inhibition by iodoacetamide and DEPC was investigated. Using 
these inhibitors, the recombinant P. falciparum NMT could be 
distinguished from the human enzyme. Human NMT is partially 
inhibited by 5 mM iodoacetamide and completely inhibited by 
10 mM DEPC [20]. P. falciparum NMT expressed in E. coli was 
not inhibited by 10 mM iodoacetamide or 10 mM DEPC (Table 
1), conditions under which human NMT activity was inhibited 
by 50% and > 75%, respectively. 

Although it had been suggested previously that one or more of 
the conserved cysteine and histidine residues are involved directly 
in the catalytic transfer mechanism [22], this is now considered 
unlikely based on the structural studies [12]. Whether or not the 
replacement of the conserved cysteine residue (residue 229 in 
Figure 1) by Ala in P. falciparum NMT results in insensitivity to 
iodoacetamide inhibition remains to be determined. Further 
studies are required of the effects of other NMT inhibitors on the 
purified enzyme and on parasite cultures to determine whether or 
not anti-N-myristoyltransferase drugs are anti-parasitic. 
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The hyaluronan lyase of group B streptococci rapidly cleaves 
hyaluronan by an elimination mechanism to yield the unsaturated 
disaccharide 2-acetamido-2-deoxy-3-O-(6-b-gluco-4-enepyrano- 
syluronic acid)-D-glucose. Additionally, it has been shown that 
the enzyme has limited specificity for a chondroitin sulphate and 
cleaves the chain at unsulphated sites [Baker, Yu, Morrison, 
Averett and Pritchard (1997) Biochem. J. 327, 65-71]. In the 
present extension of that study it was found that 6-sulphated 
regions of chondroitin sulphate are also susceptible to cleavage 
by this hyaluronan lyase. Of the four 6- and/or 4-sulphated 
tetrasaccharides which can be isolated from testicular hyalu- 
ronidase digests of chondroitin sulphate, only those two tetra- 
saccharides with a 6-sulphated disaccharide at the reducing end 


were cleaved. From this and other data, a model is proposed for 
the cleavage specificity of hyaluronan lyase on a chondroitin 
sulphate. Evidence is presented in support of an action pattern 
for hyaluronan lyase which involves an initial random endolytic 
Cleavage followed by rapid exolytic and processive release of 
unsaturated disaccharide. Since the only oligosaccharides which 
tend to accumulate in near-complete digests of hyaluronan are 
unsaturated, it 1s argued that the processive cleavage occurs from 
the non-reducing to the reducing end of a hyaluronan chain. This 
detailed knowledge of substrate specificity contributes to our 
understanding of the enzyme's role ın Group B streptococcal 
pathogenesis. In addition, the hyaluronan lyase may find ap- 
plication in sequence studies of chondroitin sulphates. 





INTRODUCTION 


Group B streptococci (GBS), which are frequently present in the 
microflora of the human vagina, are a common cause of fatal 
infections of the newborn [1]. The large majority of vaginal GBS 
isolates secrete a hyaluronan lyase (hyase) [2] It has been 
suggested that the GBS hyase facilitates bacterial invasion by 
degrading extracellular hyaluronan (HÀ) and may promote 
persistent colonization of the vagina by GBS (D. Pritchard, B. 
Lin, X. Li, J. Ware and J. Philips, unpublished work). 

Studies of this enzyme during the past 4 years have included a 
partial definition of its substrate specificity. The activity of GBS 
hyase is not restricted to the cleavage of HA. It was shown that 
a chondroitin 4-sulphate, which contains some unsulphated 
disaccharide repeats, is cleaved to a limited extent [4]. Cleavage 
occurred between Di0S and Di0S, and between Di4S and D10S 
repeats, but Di0S-Di4S and Di4S-Di4S could not be cleaved by 
this enzyme (for brevity the saccharides DiOS etc. are defined 
only in the abbreviations footnote). 

When acting on HÀ, GBS hyase appears to make an initial 
random cleavage and then to rapidly and processively degrade 
the chains to yield unsaturated disaccharide [5]. This is the first 
reported example of a glycosaminoglycan lyase acting pro- 
cessively. Enzymes that degrade biopolymers may act in one of 
two ways, or, like GBS hyase, employ both pathways. A 


‘distributive’ enzyme will bind to a biopolymer and, after a 
single cleavage reaction, release the two biopolymer chains. (The 
term ‘random endolytic cleavage’ also describes this kind of 
activity). A ‘processive’ enzyme acts differently [6]. Although the 
initial cleavage by an enzyme that acts processively may not be 
at one end of the chain (i.e. it may not be exolytic), subsequent 
cleavages while the enzyme is bound to the polymer chain are 
exolytic. After binding to the biopolymer, it catalyses a series of 
identical cleavage reactions and simultaneously releases a series 
of small identical products into the medium. Among the known 
lyases which cleave glycosaminoglycan chains, there are examples 
of both endolytic and exolytic modes of action [7,8]. 

In the present study, evidence of the direction of processive 
cleavage (i.e. non-reducing end to reducing end or vice versa) by 
GBS hyase is presented. Also, the specificity of GBS hyase 
towards segments of 6-sulphated chondroitin is investigated and, 
as a result, a more complete description of chondroitin sulphate 
(CS) degradation by this enzyme can be presented. 


EXPERIMENTAL 
Materials 


Ovine testicular hyase was obtained from ICN. Hyaluronan 
(from human umbilical cord), chondroitinase ACII, and 
chondro-4- and -6-sulphatases were purchased from Sigma. 


Abbreviations used’ AADIHA, 2-acetamido-2-deoxy-3-O-(8-p-gluco-4-enepyranosyluronic acid)-p-glucose; DIHA, 2-acetamido-2-deoxy-3-O-(5-0- 
glucopyranosyluronic acid)-p-glucose, ADIOS, 2-acetamido-2-deoxy-3-0-(f-p-gluco-4-enepyranosyluronic acid)-o-galactose, DIOS, 2-acetamido-2- 
deoxy-3-O-(f-b-glucopyranosyluronic acid)-»-galactose, /4Di4S, 2-acetamido-2-deoxy-3-O-(8-o-gluco-4-enepyranosyluronic acid)-4-O-sulpho-p- 
galactose, Di4S, 2-acetamido-2-deoxy-3-O-(f-o-glucopyranosyluronic acid)-4-O-suipho-p-galactose, ADi6S, 2-acetamido-2-deoxy-3- O-(f-b-giuco-4- 
enepyranosyluronic acid)-6-O-sulpho-p-galactose, Di6S, 2-acetamido-2-deoxy-3-O-(f-p-glucopyranosyluronic acid)-6-O-sulpho-o-galactose, CE, 
capillary electrophoresis; CS, chondroitin sulphate, ESI-MS, electrospray-lonization MS, GBS hyase, hyaluronan lyase from group B streptococci, HA, 
hyaluronan, AHA, and AHAg, unsaturated HA oligosacchandes of degree of polymerization (DP) 4 and 6 respectively, HA,-HA,>, HA oligosaccharides 
of DP 4-12 

1 To whom correspondence should be sent, at the following address. 786 BDB (Box 9), University of Alabama at Birmingham, 1530, 3rd Avenue 
South, Birmingham, AL 35294-0012, USA (e-mail jrbaker(gbmg bhs uab edu) 
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Table 1 Relative rates of release of DIHA and A DIHA during digestion of 
HA., by GBS hyase 


The percentage digestion of HA,, by GBS hyase was determined spectroscopically at 232 nm 
The methods of analyses of HÀ, digests for DIHA and A DIHA by CE and ESI-MS are outlined 
In the Experimental section 


DIHA/ADIHA molar ratio 


Digestion 
of HA,» (€) Analysis by .. CE ESI-MS 
10 0 96 073 
20 0.67 0.54 
30 0.82 0.49 
40 045 es 
50 045 039 
100 0 20 017 





Sephadex G-25 (superfine grade) was obtained from Pharmacia. 
Standard unsaturated chondro- and hyalurono-disaccharides 
were from Seikagaku Kogyo, Tokyo, Japan. HA oligo- 
saccharides, HA,-HA,,, prepared by digestion of HA using 
testicular hyase and fractionated according to size by gel 
chromatography on Sephadex G-50, were a gift from Dr. Jim 
Christner, Environmental Test Systems Inc., Elkhart, IN, U.S.A. 


Cs 


The disaccharide compositions of four different commercially 
available CSs were determined. CS A (Calbiochem), with the 
composition 6.3% Di0S, 35.4% Di6S and 58.3% Di4S, was 
selected as a preparative source of CS tetrasaccharides, as 
its Di6S/D14S ratio was closest to 1.0. A CS (5.3 % D108/13.7 94 
Di68/81.0 % Di4S) isolated from bovine nasal cartilage following 
exhaustive proteolytic digestion [9] and a CS (3.6 % D108/86.6 % 
Di6S/9.7% Di4S) similarly isolated from gill cartilage of the 
basking shark were employed for digestion by the GBS hyase. 


GBS hyase 


The preparation and purification of the recombinant GBS hyase 
have been described previously [4]. The working solution of pure 
enzyme (12 mg/ml in 50 mM Hepes/10 mM EDTA, pH 8.0) was 
stored at 4 °C. 


Digestion of CS using testicular hyase and recovery of di- and 
tetrasaccharides 


CS (253 mg) was dissolved in 0.15 M NaCl/0.05 M sodium 
phosphate, pH 6.0 (10 ml), ovine testicular hyase (25 mg) was 
added and the mixture incubated at 37 ?C for 27 h. A further 
10 mg of enzyme was added at 22 h. At the end of the incubation, 
the mixture was deproteinized by addition of trichloroacetic acid 
at 0°C to a final concentration of 5%. Protein was removed 
by centrifugation and the supernatant brought to pH 6.2 by 
the gradual addition, with vigorous stirring, of 10 M NaOH. The 
neutralized supernatant (approx. 12 ml) was applied to a column 
(192 cm x 2.5 cm) of Sephadex G-25, developed in 0.5 M NaCl/ 
aq. 1095 (v/v) methanol at a flow rate of 20 ml/h. The column 
effluent was monitored at 206 nm and fractions (30 min) were 
collected. Six peaks were detected in advance of the large salt 
peak (V). Peaks 5 and 6 were identified, using electrospray- 
ionization (ESI-MS analysis, as tetra- and disaccharides from 
CS respectively. Fractions from both peaks were pooled sep- 
arately and applied to a column (2.0 cm x 20 cm) of Sephadex G- 
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Figure 1 CE analyses of hyaluronan after partial enzymic digestion 


HA was digested with (A) GBS hyase and (B) chondrortinase ACII to 10% of completion The 
major peak at 9 08 min, present in (A) and (B), is of A DIHA The paak at 10.24 min, seen 
In (B) only, is of AHA, 


10 developed in aq. 20% (v/v) methanol at a flow rate of 
0.5 ml/min and monitored at 200 nm. Both tetra- and di- 
saccharide pools, separated from salt, were concentrated using a 
Savant SpeedVac to 1-10 mg of saccharide/ml. Yields were 
43 mg of tetrasaccharide and 2.4 mg of disaccharide. 


Determination of disaccharides released hy enzymic digestion of 
HA and CS 


CS or CS oligosaccharide samples (< 0.25 ug) were dried, 
dissolved in 0.1 M Tris/HCI, 0.03 M sodium acetate and 0.01 M 
EDTA, pH 7.4 (10 ul) containing chondroitinase ACII (2.5 
m-units) and incubated at 37°C for 1h. To determine sus- 
ceptibility of CS and CS oligosaccharides to digestion by GBS 
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Hgure 2 Proposed action pattern of GBS hyase 


For convenience, the cleavage of an HA oligosacchande of DP 128 is Illustrated, and endolytic cleavages are shown as splitting a chain into equal parts, although it ts understood that they occur 
randomly. In this model, rt is assumed that processive cleavage by GBS hyase ts from the non-reducing to the reducing end of an HA oligesacchande According to this model, an enzyme molecule 
binds to a random position along the chain and catalyses a single endolytic cleavage (stage 1a). The enzyme remains bound to the new non-reducing end at this cleavage site and, during a rapid 
series of processive exolyhc cleavages, remains substrate-hound (stage 1b) During thes process, A DIHA alone is released When the substrate Is decreased to the size of a tetra- or hexasacchande, 
the enzyme disengages from the substrate, [it is suggested that the enzyme releases substrate at this stage, as only tetra- and hexa-sacchande are seen to accumulate in a partal digest (Figure 
1); for simplicity, only release of tetrasacchande [s illustrated ] As illustrated, 30 molecules of A. DIHA, each represented by a single dash in a broken line, and a single unsaturated tetrasaccharkda, 
represented by a doubleiength dash, are released at stage 1b This pattern of action repeats through stages 2—4, at each stage there is another random cleavage of the remaining HA chain and 
rapid processive cleavage from the new non-reducing end At stage 5, following a random cleavage, the enzyme disengages from the substrate, as the latter is too short to bind the enzyme or 
to permit any further processive cleavage. The teie and hexa-sacchandes from HA appear in partal digests because they are not cleaved processively and therefore are cleaved more slowly, 
but they are finally cleaved. Thus, in a digest of HA by GBS hyase which has been allowed to proceed to completion, the only product whuch Is observed rs ADHA If, as depicted In thus Figure, 
processive cleavage proceeds from a new non-reducing end towards its reducing end, small unsaturated oligosacchandes will tend to accumulate fin this simplified example, five unsaturated 
tetrasaccharides per one saturated tetrasacchande, from a much longer HA, the relatrve accumulation of the unsaturated small oligosaccharrde(s) will be more marked ] if processive cleavage occurred 
In the reverse direction, rit would be small saturated oligosacchande(s) that accumulate in partial digests Beginning with a longer HA chain than depicted here, many more stages or random cleavages, 
some occurring simultaneousty, would be required, but the essential features of this model would apply 


hyase, samples (< 0.25 ug) were incubated in 0.05 M ammonium 
acetate, 0.01 M calcium chloride, pH 6.5 (10 ul) containing GBS 


Desulphation of CS disaccharides 
The saturated disaccharides Di4S and Di6S at 13.48 min were 


hyase (9 units) at 37 °C for 1 h. Both chondroitinase and hyase 
digests were subsequently diluted with HPLC-grade water (40 ul) 
and centrifugally filtered through Ultrafree-MC filter units 
(Millipore). Filtrates were analysed for disaccharides using 
capillary electrophoresis (CE) at pH 9.8 as described in [4,10]. 
Samples were loaded hydrostatically (2 s) at 500 mmHg (1 mmHg 
= 133.3 Pa) and separated at pH 9.8. Detection of peaks was at 
200 nm (saturated and unsaturated disaccharides) and at 232 nm 
(unsaturated disaccharides). 

The same CE separation system gave a near-baseline separation 
of DiHA (8.67 min) from ADiHA (8.78 min) in GBS hyase 
digests of HA oligosaccharides. 


Samples were analysed using the ESI mode on a PE Sciex API IH 
triple quadrupole mass spectrometer. Aqueous samples were 
injected into a 25 ul/min flow of aq. 1:1 (v/v) acetonitrile 
containing 0.1% formic acid. A Harvard Apparatus model 22 
syringe pump was used to deliver the flow to the electrospray 
interface. 


not separated by CE at pH 9.8, although they were well resolved 
from their unsaturated counterparts, ADi6S and AD14S, at 
14.00 min and 14.23 min respectively. GBS hyase digests of CS 
oligosaccharides, which contained Di4S and/or Di6S, were dned 
using the Savant SpeedVac and redissolved in 0.1 M Tris/ 
HCI, 0.03 M sodium acetate and 0.01 M EDTA, pH 7.4 (10 al), 
and incubated with chondro 4- or 6-sulphatase (0.2 m-units) at 
37 °C for 1 h. The digests were processed and separated by CE 
as described above. Under the conditions employed, the 4- 
sulphatase showed absolute specificity for digestion of Di4S (and 
A\Di4S) and the 6-sulphatase was specific for the desulphation of 
Di68 (and ADi6S). From both Di4S and D16S, the product 
of digestion, as identified by CE, was DiOS. 


RESULTS AND DISCUSSION 


GBS hyase can act on HÀ in a random endolytic manner and this 
can be demonstrated directly by an experiment employing HA,,. 
All disaccharide repeats, with the exception of that from the non- 
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Figure 3 Analyses by CE of hyaluronan partially digested by GBS hyase 


(A) A GBS hyase digest of HA, taken to 82 5% of completion, was analysed by CE at 200 nm 
The off-scale peak at 9 min, and labelled 1, is of ADIHA The peaks labelled 2 and 3 have 
mobilities simular to those of HA, and HA, respectively, The broad peak labelled 4 is of partially 
digested HA (B) As (A), plus authentic HA, The added HA, has a slightly shorter retention 
time than 2 (C) As (A), plus authentic HA, The added HA, has a slightly shorter retention time 
than 3 Al 232 nm, peaks 1, 2 and 3 were detected Peak 4, and authentic HA, and HA, added 
to (B) and (C), were not seen at this wavelength (not shown) Therefore the partial GBS hyase 
digest of HA, as observed in (A), does not contain HA, and HA, but does contaln their 
unsaturated counterparts, AHA, and AHA, 


reducing end, are liberated as ADiHA during the digestion of 
HA,, by GBS hyase. The saturated disaccharide DiHA 1s a 
marker of the non-reducing end. The rate of release of the dis- 
accharide DiHA from the non-reducing end relative to the 
rate of release of other disaccharide repeats (A DiHA) provides 
information about the enzyme’s action pattern. Thus, if the 
action pattern is exclusively random endolytic, HA,, with five 
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cleavage sites will give, at < 20% digestion, a DIHA/ ADiHA 
ratio of 1.0. This ratio would decline to 0.2 at complete digestion. 
By contrast, exclusively exolytic and processive action would 
give a constant ratio of 0.2 during digestion (assuming that the 
cleavage of an HA chain is extremely rapid compared with 
the time required for enzyme molecules to bind to another 
chain). The release of DIHA and ADiHA at different times were 
determined by CE analysis of digests. Analyses for species of 378 
m/z (/A,D1HA) and 396 m/z (D1HA) were performed on the same 
digests by ESI-MS. The determined ratios of DIHA/ADiHA 
from both analyses (Table 1) are compatible with a random 
endolytic mode of enzyme action. 

Although, as demonstrated by the previous experiment, cleav- 
age by GBS hyase of HA,, is primarily random endolytic, 
cleavage of a long HA chain appears to occur predominantly by 
other means. That the principal mode of action of GBS hyase on 
HA, following initial random endolytic cleavage, is exolytic 1s 
strikingly demonstrated by CE analysis of a partial digest, i.e. the 
only peak seen is of ADiHA (Figure 1A). Also shown (Figure 
1B) is a partial digest of HA by chondroitinase ACII, which has 
been reported to act in an exolytic manner [7]. Again, the 
predominant product is ADiHA. 

Itis not known whether the exolytic and processive cleavage of 
HA by GBS hyase occurs from the non-reducing to the reducing 
end or vice versa. Unfortunately, to distinguish between these 
two possibilities by monitoring the rates of DIHA and ADiHA 
release is not experimentally feasible, as the ratio of DiHA to 
ADiHA from HA is too low (< 0.0004 in a complete digest). 
Instead, we have used CE analysis to determine whether small 
saturated or unsaturated oligosaccharides tend to accumulate 
during the digestion of HA by GBS hyase. As proposed in Figure 
2, accumulation of small unsaturated oligosaccharides from HA 
is indicative of a non-reducing-to-reducing-end action pattern. 
In a preliminary experiment ıt was found that maximal ac- 
cumulation of intermediate small oligosaccharides (2.0-2.5% 
relative to ADiHA) occurred at 60-90% of complete digestion 
(results not shown). CE analysis of an 82% digest (Figure 3) 
revealed low levels of two small HA oligosaccharides (labelled 2 
and 3 in Figure 3A) in addition to the predominant ADiHA 
product (labelled 1). Both 2 and 3 could be detected at 232 nm, 
as well as at 200 nm, and their mobilities are similar to, but not 
identical with, those of HA, and HA, respectively (Figures 3B 
and 3C). It is evident that 2 and 3 are AHA, and AHA, 
respectively. The accumulation of these two small unsaturated, 
but no small saturated, HA oligosacchandes during digestion of 
HA by GBS hyase strongly suggests that the action of the 
enzyme is processive from the non-reducing to the reducing end 
of the chain. 

Preliminary data, reported previously [4], suggests that 6- 
sulphated regions of a CS can be slowly cleaved by GBS hyase 
with the release of ADi6S. In order to define this activity 
properly, we determined whether the tetrasaccharides Di6S- 
Di4S, Di4S-Di6S, D16S-Di6S and Di4S-Di4S are substrates for 
GBS hyase. Accordingly, a hybrid chondroitin 4-/6-sulphate was 
digested using testicular hyase, the digest fractionated by gel 
chromatography on a column of Sephadex G-25 and a peak 
contaming the tetrasaccharides was identified and recovered 
(pool 5), as described in the Experimental section. Analysis of 
pool 5 by CE (Figure 4À) revealed a peak of rapid mobility, peak 
1, followed by a cluster of three peaks, numbered 2, 3 and 5. A 
small shoulder on peak 3 was indicative of an additional 
component, numbered 4. This cluster of peaks was within the 
range of mobilities expected for disulphated tetrasaccharides 
from CS. Therefore the presence of all four possible disulphated 
tetrasaccharides listed above could be predicted. Pool 5 was 
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Figure 4 Analysis by CE of CS tetrasaccharides 


(A) Poo! 5, obtained by fractionation of a testicular hyase digest of CS by gal chromatography 
on Sephadex G-25 (see the Experimenta! section), was analysed by CE at pH 98 Observed is 
a peak at 12.17 min, numbered 1, and a cluster of three peaks at 15.3-16 3 min, numbered 
2, 3 and 5 A shoukder, suggestive of a fourth peak and numbered 4, is seen on the down slope 
of peak 3 (B) Pool 5, after digestion using GBS hyase, was also analysed by CE at pH 98 
Peaks 4 and 5, but not 2 and 3, disappeared as a result of tha digestion Peak 1 was largely 
digested The disaccharides produced by the digestion were denhhed by their mobilities relative 
fo standards as: a, DIOS, b, ADOS; c, DIGS and/or DS, d, ADSS, and e, /ADi4S 


digested using GBS hyase prior to separation by CE (Figure 4B). 
Of the clustered peaks numbered 2-5, only 4 and 5 were 
susceptible to digestion by the enzyme. 

To separate the tetrasaccharides and allow for their identi- 
fication, pool 5 was fractionated by anion-exchange HPLC on a 
SAX-Partisil column using a gradient of KH,PO, in aq. 10% 
(v/v) methanol (Figure 5). Four peaks were separated, and 
aliquots from each were analysed by CE. Then the peaks of 
Figure 5 were numbered 1-5 to match, by electrophoretic 


4,5 


206nm —— 


Figure 5 Fractionation of CS tetrasaccharides by anion-exchange HPLC 


CS tetrasaccharides (pool 5) were applred to a Partisll-SAX column (250 mm x 4.6 mm, 10 4m 
particle size) and fractionated in a gradient of KH PO, (30—300 mM) In aq 10% (v/v) methanol 
The flow rate was 0.2 ml/min, and the elution of sacchandes was detected at 206 nm. Fractions 
constituting the four peaks eluted between 200 and 300 mi were separately pooled, desalted 
on a column of Sephadex G-10 developed with aq 20% (v/v) methanol [4] and dried using a 
Sorvall SpeedVac apparatus CE of aliquots from each peak permutted their identification 
(Tabla 2) Each peak number represents the same tetrasaccharkle as In Figure 4 


Tabs 2 Analyses by CE of CS tetrasaccharkdes separated by ankon- 
exchange HPLC 


The peak numbers ars identihied in Figures 4 and 5 Peak 1 was seon to contain monosulphated 
tatrasacchandes, but was not further analysed 
Abbreviation: tr, a trace component 


Drsaccharides identified in a 
chondroitinase ACII digest 


Identity of 

Peak AL232nm — At 200 nm tetrasacchande 
2 ADHS ADS DI6S Di6S-DI4S 
3 ADI4S ADHS Di4S Di4S-Di4S 
4,5 AD6S (i) AD6S (tr) DBS (In D16S-Di6S 
ADES ADSS — D45 DMS-DI6S 


mobility, the similarly numbered peaks of Figure 4. The first 
peak was found to contain monosulphated tetrasaccharide (Table 
2) and was not further analysed. Aliquots from the other peaks 
were digested with chondroitinase ACII and the disaccharide 
products analysed by CE. Identification of the characteristic 
disaccharides from each tetrasaccharide permitted identification 
of each tetrasaccharide (Table 2). It was found that peak 2 is 
Di6S-Di4S, the major peak (peak 3) is Di4S-Di4S, a minor 
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Table 3 Unsaturated disaccharides released from bovine nasal-cartllage 
(BNC) and basking-shark (BS) CSs by GBS hyase 


ACS (20 ug in 100 4f) was digested exhaustively with GBS hyase (12 ug) for 24 h at 30 °C 
or with chondroltinase AC II (12 m-unrts) for 2 h at 30 °C Digests, diluted five-fold with HPLC- 
grade water, were analysed by CE at pH 9.8 Peaks were detected at 232 nm and integrated 
Data given are from the average of tnplicate analyses 


Enzyme CS ADIOS ADI6S ADMS 
digestion (02mg/m) (ug/m) % (ug/m) % (ug/ml) % 
GBS hyase BNC 0724 1007 07 407 0 0 
BS 058 091 1144 83 0 0 
Chondroltinase AC il BNC 073 189 1121 
BS 058 373 155 


* The disaccharide released by GBS hyase is expressed as a percentage of the total present 
(re that released by digestion with chondrorinase AC I) 





component (peak/shoulder 4) is of Di6S-Di6S and peak 5 
contains Di4S-Di6S. Therefore, as peaks 4 and 5, but not peaks 
2 and 3, were absent following incubation with GBS hyase 
(Figure 4), it is evident that Di6S-Di6S and Di4S-Di6S are 
cleaved by GBS hyase, whereas Di6S-Di4S and Di4S-Di4S 
are not. To verify these findings, aliquots from the separately 
isolated peaks 2, 3 and 4/5 were incubated with GBS hyase and 
the digests analysed by CE. Only the constituents of peaks 4 and 
5 were digested by the enzyme. Peaks 2 and 3 remained intact 
(results not shown). The further significance of these results is 
discussed below. 

Two CSs from different sources and content of 6-sulphated 
repeats (bovine nasal cartilage and basking-shark gill cartilage, 
with 13.7 9 and 86.6 % Di6S respectively) were digested with the 
GBS hyase in order to determine the proportion of their total 
Di6S and Di0S repeats which could be released as A.Di6S and 
ADIOS respectively. The digestions were allowed to go to 
completion (1.e. the incubation time at which no further increase 
in A,,, occurred). The unsaturated disaccharides released were 
identified and quantified by CE analyses and were compared 
with total disaccharide compositions of these two CSs (Table 3). 
A much higher proportion (83.3%) of the Di6S content of the 
shark Di6S can be released by GBS hyase (cf. 40.7% from 
the bovine nasal CS). Di0S was completely released, as ADIOS, 
by GBS hyase from both CS preparations. 

Treatment of both GBS hyase digests by oxymercuration 
[4,11] resulted in the loss of all remaining 6-sulphated residues 
(results not shown). It is evident that, after hyase digestion of the 
CSs, any 6-sulphated residues not released as ADi6S occupy 
non-reducing terminal positions, making them susceptible to 
destruction by oxymercuration The significance of these results 
is discussed in greater detail below with reference to a proposed 
model of GBS hyase specificity towards CS. 


GENERAL DISCUSSION 


Previous results indicated that the initial attack on HA by GBS 
hyase may be random endolytic followed by processive cleavage 
[5]. Thus a digest of HA taken to only 5% of completion by slow 
enzymic action contained not only ADiHA, but also a broad 
range of very large HA oligosaccharides, as determined by gel 
chromatography. In the present study, an HA oligosaccharide, 
HA,,, was shown to be cleaved endolytically by GBS hyase. It is 
reasonable to expect that GBS hyase cannot act processively on 
a small HA oligosacchande. Indeed, it was found that, in digests, 
at 60-90 95 of completion, AHA, and AHA, tend to accumulate. 
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It would appear that cleavage by GBS hyase is initially and 
finally non-processive. Nevertheless, GBS hyase can rapidly 
cleave HA, its principal substrate, to yield unsaturated di- 
saccharide, ADiHA, as the sole product of complete digestion. 
Even in partial digests, the predominant product is ADiHA, 
which indicates in agreement with earlier findings [5] that the 
enzyme's mode of action is primarily processive. Other glycos- 
aminoglycan lyases, for example heparinase I [12], also act 
processively. Random endolytic cleavage followed by a series 
of processive cleavages provides a rapid and efficient means for 
the complete digestion of HA. Evidence has been presented 
for processive cleavage proceeding from the non-reducing to the 
reducing end of HA or HA oligosaccharides. This finding will aid 
computer-assisted studies, which are presently underway, to 
properly dock HA in the active-site cleft of the modelled GBS 
hyase molecule [13]. 

Our results indicate that the GBS hyase will cleave a 4-/6- 
sulphated chondroitin chain as illustrated below: 


(Di4S),-Di6S-(Di4S),,{Di6S),-Di0S-Di0S-U-G-G-X-S 
| GBS hyase 


(Di4S), + ADi6S-(Di4S), +g ADi6S--2 ADi0S+ 
AU-G-G-X-S 


(where the sequence U-G-G-X-S represents the linkage region 
of CS) 


An essential feature of this model is that no Di6S repeat 
remains in an internal position along a CS chain following 
exhaustive digestion with GBS hyase. Cleavage will occur at a 
Di6S bounded by Di4S repeats, but the resulting residue of 
AJXD16S8 will remain glycosidically linked in a non-reducing 
terminal position. In support of this aspect of the model, it has 
been found that, after exhaustive digestion of a CS with GBS 
hyase, although some 6-sulphated residues are not released as 
AD16S, they invariably occupy non-reducing terminal positions 
(i.e. they are removed by oxymercuration). Where a cluster of 
Di6S repeats, (Di6S),, occurs within the chain of CS, cleavage 
takes place with the release of g ADi6S. The activity of GBS 
hyase towards 6-sulphated disaccharide repeats within a CS 
chain is remindful of cleavage by this enzyme at unsulphated 
sites [4]. 

In support of the model, although only 41% of the 
Di6S content of bovine nasal-cartilage CS was released as /AD16S 
by GBS hyase, the remainder could be completely destroyed by 
oxymercuration (a procedure which removes non-reducing ter- 
minal unsaturated uronic acid residues). Of the total D165 
content of a CS, that part released by GBS hyase digestion is 
derived from ‘clusters’ of two or more Di6S repeats. Thus much 
of the Di6S of this CS is distributed in short segments throughout 
the chain. This result is consistent with the findings of Cheng and 
others [14], who reported a heterogeneous distribution of 6- 
sulphated repeats in the CS from bovine nasal cartilage, although 
in CSs from other sources (e.g. tracheal cartilage) 6-sulphated 
residues were clustered within a certain segment of the chain. By 
contrast, 8194 of the Di6S of basking-shark CS is released by 
GBS hyase. The Di6S of this CS is organized into longer 
segments, uninterrupted by Di4S repeats. Interestingly, the GBS 
hyase-catalysed release of all Di0S as ADIOS from the CSs 
suggests that the D10S repeats are clustered and/or linked to 
Di6S repeats. 

The glycosaminoglycan chains, whether they be chondroitin, 
dermatan or heparan sulphates, which are attached to certain 
proteoglycans, are now known to perform essential and quite 
specific functions. For example, the heparan sulphate chains of 
the basement-membrane proteoglycan perlecan act as receptors 


for the basic fibroblast growth factor [15]. Glycosaminoglycans 
have a characteristic disaccharide repeat pattern, but the extent 
and positions of substitutions with ester sulphate groups may 
vary considerably. A particular sulphation pattern may relate to 
a CS's specific biological activity [16], so methods for the 
determination of sequence of sulphated disaccharide repeats are 
assuming more importance. Recently, the utility of MS methods 
for sequencing glycosaminoglycans has gained attention [17,18]. 
Nevertheless, limited specific enzymic cleavage of the glycos- 
aminoglycan, to provide oligosaccharides amenable to MS study, 
is a prerequisite. Detailed knowledge of the substrate specificities 
of glycosaminoglycan-degrading enzymes, such as the GBS 
hyase, is essential for their use in this important application, as 
well as in other studies of this ubiquitous family of biopolymers. 
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Bcl-2 accelerates retinoic acid-induced growth arrest and recovery in 
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The role of Bcl-2 as an anti-apoptotic protein has been well 
documented. In the present work, we present evidence that Bel- 
2 may also be involved in cell growth regulation. SC-M1 is an 
unique cell line which responds to retinoic acid (RA) treatment 
with reversible growth arrest [Shyu, Jiang, Huang, Chang, Wu, 
Roffler and Yeh (1995) Eur. J. Cancer 31, 237—243]. In this study, 
when treated with RA, SC-M1/Bcl2 cells, which were generated 
by transfecting SC-M1 cells with bcl-2 DNA, were growth- 
arrested two days earlier than SC-M1/neo cells, which were 
generated by transfecting SC-M1 cells with vector DNA. This 
indicates that Bcl-2 accelerates RA-induced growth arrest. In 
addition to the accelerated growth arrest, RA-treated SC- 
M1/Bcl2 cells also recovered from growth arrest two days faster 
than SC-M1/neo cells after the removal of RA. Previously, we 
had identified the cyclin-dependent kinase inhibitor p21 "^FL/ct*» 


(p21) as a mediator of RA-induced growth arrest [Tsao, Li, Kuo, 
Liu and Chen (1996) Biochem. J. 317, 707—711]. In a search for 
the mechanism by which Bcl-2 affects growth regulation, we 
found that p2/ gene expression was more prominent in SC- 
M1/Bcl2 cells than in SC-M1/neo cells in the presence of RA, 
but when RA was removed, p21 gene expression levels in SC- 
M1/Bcl2 cells were also reduced earlier than in SC-M1/neo cells. 
The present report 1s the first to show that Bcl-2 accelerates not 
only growth arrest but also recovery from growth arrest. More- 
over, the close correlation between the effect of Bcl-2 on both 
RA-induced growth arrest and RA-induced p21 gene expression 
suggests the possibility that Bcl-2 affects cell growth through the 
mechanism of p21. 


Key words: Bcl-2, growth arrest, p21, SC-M1 cells. 





INTRODUCTION 


Bcl-2 is the first negative regulator of apoptotic cell death to be 
identified [1-3]. Apoptosis is an active form of cell suicide that is 
associated with morphological changes such as cell shrinkage, 
cell membrane blebbing, nuclear fragmentation and DNA degra- 
dation [4]. The exogenous expression of the bcl-2 gene is shown 
to protect cells from apoptosis induced by p53 overexpression 
and various stimuli, such as growth-factor withdrawal, 
irradiation and chemotherapy [1,5—6]. Those cells which survive 
with Bcl-2 protection against environmental stimuli generally 
undergo cell-cycle arrest [2,5—6]. There is other recent evidence 
suggesting that Bcl-2 may also affect growth regulation. For 
example, it has been shown that Bcl-2 delays the entry into the 
cell cycle of mitogen-stimulated B and T lymphocytes and delays 
the serum stimulation-induced entry into S phase of quiescent 
NIH3T3 fibroblasts [7]. Moreover, certain evidence in vivo also 
indicates the involvement of Bcl-2 in growth regulation. For 
example, a high concentration of Bcl-2 can be detected in 
premalignant stomach lesions but not in stomach carcinoma [8]. 
Ín addition, expression of Bcl-2 is reported to inversely correlate 
with the mitotic index of stomach lesions [9,10]. In such situations, 
it is possible that Bcl-2 might prevent malignant transformation 
by inhibiting cell growth in vwo. These facts indicate that Bcl-2 
may inhibit growth when normal cell growth is perturbed. 
Retinoic acid (RA)-inhibited growth of SC-M1 cells can be 
maintained for 70 days by continuous RA exposure, and remains 
reversible after the removal of RA [11-13]. This provides an 
excellent system to study mechanisms involved in growth regu- 


lation. To further establish its reversible growth inhibitory effect, 
Bel-2 was tested on SC-M1 gastric cancer cells. Therefore, in the 
present study, we investigated whether Bcl-2 could regulate 
growth of SC-MI1 cells in the presence of RA. We found not only 
that Bcl-2 did indeed accelerate RA-induced growth arrest but 
also that an enhanced RA-induced p21 [cyclin-dependent kinase 
inhibitor p21'W ^FU/C*P] expression in Bcl-2 containing cells was 
observed, suggesting that p21 mediated the early growth arrest of 
Bcl-2-containing SC-M1 cells. A surprising result of the study 
was the faster recovery of RA-treated SC-M1/Bcl2 cells from 
growth arrest after the removal of RA when compared with the 
recovery of the RA-treated control cells (SC-M1/neo); fur- 
thermore, the decrease in p2/ gene expression was faster than that 
of SC-M1/neo cells. These results indicate that Bcl-2 accelerated 
both growth arrest and recovery. 


EXPERIMENTAL 
Cells 


SC-M1, a gastric cancer cell line [14] (kindly provided by Dr. 
Ching-Liang Meng), was cultured in Dulbecco's modified Eagle's 
medium (DMEM; Gibco Laboratories, Grand Island, NY, 
U.S.A.) containing 10% (v/v) fetal-bovine serum (FBS, Gibco) 
and 100 units/ml penicillin and streptomycin. SC-MI cells were 
transfected with a pCEP4-based plasmid (Invitrogen, Carlsbad, 
CA, U.S.A ) encoding human bcl-2 cDNA. After selection with 
200 ug/ml hygromycin for 3 weeks, resistant clones were pooled, 
and named SC-M1/Bcl2. 


Abbreviations used DMEM, Dulbecco's modified Eagle's medium, FBS, fetal-bovine serum, p21, cyclin-dependent kinase inhibitor p2i@Arvern | 


RA, retinoic acld, mol, multiplicity of infection 
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Cell proliferation assay 


Cells were plated on to a 6-well plate at a density of 3 x 10* cells 
per well in DMEM containing 10”, (v/v) FBS and 100 units/ml 
penicillin and streptomycin. After 24 h, the medium was changed 
to DMEM with 10”, (v/v) FBS in the presence of 5 M RA or 
an equal amount of DMSO. The cell numbers were counted 
every other day using a haemocytometer. Viability was de- 
termined by Trypan Blue exclusion. 


RNA isolation and Northern-blot analysis 


The single-step method of RNA isolation by acid guanidinium 
thiocyanate/phenol/chloroform (1:1:0.2, by vol.) extraction 
was used to obtain total cell RNA. The RNA was separated by 
electrophoresis on a formaldehyde/1^, agarose denaturing 
gel and then transferred to a nitrocellulose filter. The filters 
were then hybridized with probes at 68°C as follows. The 
hybridization buffer contained 50", (v/v) formamide, 5 x 
Denhardt's solution, 5 x SSPE (where | x SSPE is 0.15 M NaCl/ 
10 mM NaH,PO,/I mM EDTA, pH 7.4), 10% (w/v) dextran 
sulphate, 0.1 ^; (w/v) SDS and 200 „g/ml denatured salmon 
sperm DNA. The probes were p21 cDNA (kindly provided by Dr 
David Beach, Cold Spring Harbor Laboratory, NY, U.S.A.) and 
f-actin cDNA labelled with [x-"P]dCTP by nick translation. 
After hybridization, the filters were washed in 0.1 x SSC (1 x SSC 
is 0.15 M NaCl/0.015 M sodium citrate) containing 0.1 °% (w/v) 
SDS at 60°C, and then air-dried and autoradiographed at 
—70 °C. The intensity of the bands in the autoradiograms was 
measured by laser densitometry. 


Immunoblot 


Cellular proteins were extracted into SDS/PAGE sample buffer 
(New England Biolabs) and boiled for 10 min. The crude protein 
lysates (150 jg) were separated by SDS/PAGE, transferred to a 
nitrocellulose filter, reacted with specific primary antibodies and 
were revealed using secondary antibodies and Western Blue 
stabilized for alkaline phosphatase (Promega, Madison, WI, 
U.S.A.). Antibodies recognizing p21 and Bcl-2 were purchased 
from Pharmingen (San Diego, CA, U.S.A.). The gels were 
subjected to autoradiography and the intensity of the bands was 
estimated by laser densitometry. 


Flow cytometric analysis of DNA content 


Cells were treated with trypsin and resuspended at 5 x 10" cells/ml 
in citrate buffer [250 mM sucrose/40 mM sodium citrate/5 °p 


(v/v) DMSO, pH 7.6]. A 200 jl sample was added to 1.8 ml of 


solution A [30 g/ml trypsin, 3.4 mM sodium citrate, 0.1 °% 
(v/v) Nonidet P40, 1.5 mM spermine and 0.5 mM Tris/HCl, pH 
7.6] and incubated for 20 min at room temperature. Following 
this, 1.5 ml of solution B [500 „g/ml trypsin inhibitor (Sigma), 
100 g/ml ribonuclease A (Sigma), 3.4 mM sodium citrate, 0.1 °% 
Nonidet P40, 1.5 mM spermine and 0.5 mM Tris/HCl, pH 7.6] 
was added and the solution was incubated for 20 min at room 
temperature. Finally 1.5 ml of ice-cold solution C (416 „g/ml 
propidium iodide, 3.4 mM sodium citrate, 0.1 ^; Nonidet P40, 
1.5 mM spermine and 0.5 mM Tris/HCl, pH 7.6) was added and 
the incubation was continued at 4 °C for 20 min. Flow cytometric 
analysis was performed using a FACScan (Beckton and 
Dickinson). Analysis of the percentage of cells in the S phase was 
performed using CellFIT cell-cycle analysis software (Beckton 
and Dickinson). 
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Statistical analysis 


The P values were calculated by the Wilcoxon rank-sum test. A 
significant correlation between two parameters was taken at the 
959%, confidence limit, where P < 0.05. 


RESULTS 
Establishment of a variant of SC-M1 overproducing Bcl-2 


To investigate the effect of Bcl-2 on RA-induced growth arrest in 
SC-MI cells, SC-M1/Bcl2 cells were established by transfecting 
bcl-2 cDNA into SC-MI cells and then by pooling at least 80 
hygromycin-resistant colonies. As a control, vector plasmid 
(pCEP4; Invitrogen) was transfected into SC-M 1 cells to establish 
SC-MI /neo cells. As shown in Figure 1, high levels of Bcl-2 
protein in SC-M1/Bcl2 cells were detected by immunoblotting. 
This cell line was used to study the effect of Bcl-2 on RA-induced 
growth arrest, since Bcl-2 levels were not affected by exposure of 
the cells to 5 ;M RA for 2 days. The growth rates of cells 
revealed that SC-M 1 / Bcl2 cells proliferated at a similar rate to 
SC-MI and SC-MI /neo cells in the absence of RA. The cell 
growth of SC-M1/Bcl2 cells under the influence of RA was 
moderately slower than that of SC-M1/neo cells (Figure 2). 


Bcl-2 accelerates RA-induced growth arrest of SC-M1 cells 


To investigate the effect of Bcl-2 on RA-induced growth arrest, 
flow cytometric analysis of DNA contents in SC-M1/Bel2 and 
SC-M1/neo cells in the presence or absence of RA treatment was 
performed. As shown in Table 1, the percentage of cells in S 
phase, which represents the status of cell growth, remained 
around 26-35 °, in both SC-M1/Bcl2 cells and SC-M1/neo cells 
in the absence of RA treatment during the 6-day culture period. 
RA exposure reduced the percentage of cells in S phase to 11.2 
in 2 days in SC-M1/Becl2 cells. However, RA exposure for 4 days 


SC-M1/bel2 


= 
2 





Figure 1 Expression of Bcl-2 by Western-blot analysis 


Cell lysates (150 4g) from SC-M1, SC-M1/neo and SC-M1/Bcl2 cells in the presence or 
absence of 5 uM RA tor 2 days were extracted and analysed by SDS/PAGE. Immunoblot 
analysis was then performed using antibodies recognizing Bcl-2. #-Actin-specific antibodies 
were used to ensure that equal amounts of protein were present in different lanes. A 
representative autoradiogram from three independent experiments is shown 
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Figure 2 Cell growth of SC-Mi, SC-Mi/nso and SC-M1/Bci2 celis m 
response to RÀ exposure 


Cells (3 x 105) were plated on to a 6-well plate and grown in the presence or absence of 5 uM 
RA Cell numbers were counted every 2 days using a haemocytometer 


was necessary to reduce the percentage of cells in S phase to a 
similar level (13.495) in SC-M1/neo cells. The difference in the 
decrease of the S phase percentage for longer exposure (such as 
6 days) of both SC-M1/Bcl2 and SC-M1/neo cells to RA was 
not significant. In summary, these observations indicate that the 
response of Bcl-2-containing cells to RA-induced growth arrest 
is faster than that of SC-M1/neo cells. In addition, since Bcl-2 
has an anti-apoptotic effect [1-3], we examuned apoptosis of 
SC-MI/BcI2 and SC-M1/neo before and after exposure to RA 
to study what function the anti-apoptotic protein might have in 
growth arrest regulation. Even with overexpressed exogenous 
Bcl-2 gene, the SC-M1/Bcl2 cells had the same ratio of apoptosis 
as the SC-M1/neo cells (approx. 1%) when measured using the 
annexin V apoptosis assay. The ratio remained the same in both 
cell lines when subjected to RA exposure (results not shown). 


Table 2 Flow cytometric analysis of DNA content of SC-M1/neo and SC- 
M1/Bcl2 celis after the removal of RA 


Exponential phase SC-M1/neo and SC-M1/BcI2 cells were cultured in the presence of 5 uM 
RA for 6 days RA was then removed by washing the celis twics in PBS, and the culture medium 
was changed At 4, 6 and 8 days after the removal of RA, calls were treated as described in 
the Experimental section and subjected to flow cytometric analysis of DNA content. The results 
are the percentage (+SD) of cells in each phase of the cell cycle from three separate 
experiments. 


Percentage of cells in each phase 
Days after removal of RÀ — 4 6 8 

SC-M1/neo calls 

GG, 87311 812411 72110 

$ 1174-02 123402 186+03 

G/M 1003 65-403 934-05 
SC-M1/Bci2 celis 

G6, 8741013 77.3411 672+11 

S 106--03 221 3:04 3174-12 

G/M 2.0 4- 0.5 0 11+04 


This observation suggests that Bcl-2 does not function as an anti- 
apoptotic protein in SC-M1 cells in the presence of RA. 


Bcl-2 accelerates the reversal of RA-Induced growth arrest 


One of the possible explanations for the Bcl-2-accelerated RA- 
induced growth arrest is that Bcl-2 itself may have a growth- 
suppression effect. The acceleration of growth arrest may rep- 
resent the synergistic effect of RA and Bcl-2. Under this 
assumption, Bcl-2 would be expected to slow down the recovery 
from growth arrest after the removal of RA. SC-M1/neo and 
SC-M1/Bcl2 cells were exposed to RA for 6 days to achieve 
complete growth arrest. After the removal of RA cell growth was 
assayed by monitoring the S-phase population of cells by flow 
cytometry. Surprisingly, the results showed that Bcl-2-expressing 
cells (SC-M1/BcD) recovered faster than SC-M1/neo cells from 
growth arrest (Table 2). The percentage of cells in S phase was 
greater in SC-M1/Bel2 cells (22.7% at 6 days and 31.7% at 8 
days) than in SC-M]1/neo cells (12.395 at 6 days and 18.6% at 
8 days) after the removal of RA. Since SC-M1/BcD cells recover 
more quickly from RA-induced growth arrest, Bcl-2 may have a 
stimulatory effect on growth when RA is removed. These 
observations indicated the potential role of Bcl-2 as a bi- 


Table 1 Flow cytometric analysis of SC-M1/neo cells and SC-M1/Bci2 calls after RA exposure 


Exponential phase SC-M1/nso and SC-M1/Bcl2 cells were cultured in the presence of 5 4M RA or an equal volume of DMSO (0) for 2, 4 or 6 days respectively Cells were then treated as described 
in the Expenmental section and subjected to flow cytometine analysis of DNA content The results are the percentages (-i- S D ) of cells in each phase of the call cycle from three separate experiments 


Percentage of cells in each phase 


RA (uM) 0 
Culture time (days) 2 4 
SC-M1/neo cells 
GyG, 624412 675+13 
S 352-E11 3044-05 
GJM 244-01 21401 
SC-M1/BcI2 cells 
GG, 6264-13 68.6405 
S 351-12 3033-10 
G/M 23-02 1101 





6 2 4 6 

663213 758412 85 6+1.2 872-10 
2541-02 2334-04 134103 8.2::03 
830.5 11462 1.0+0.1 46402 
695+13 832416 835-14 87.5-+11 
264407 11205 10.604 78+03 
41:04 9.6 4:04 5905 47405 
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Figure 3 RA treatment increases the concentrations of p21 protein and 
RNA in SC-M1/BcI2 cells when compared with SC-M1/neo cells 


Exponential-phase growing SC-M1/neo and SC-M1/Bcl2 cells were cultured in the presence 
of 5 uM RA or an equal volume of DMSO for the indicated times. (A) Cell lysates were extracted 
and separated by SDS/PAGE. Immunoblot analysis was then performed using antibodies 
recognizing p21. A representative autoradiogram from four independent experiments is shown 
(B) Northern blot analysis. Total cellular RNA was extracted, separated on formaldehyde/agarose 
(1.0% gel), blotted on to a nitrocellulose filter and hybridized to p21-specific cDNA probes, as 
described in the Experimental section. The filter was then hybridized to #-actin-specific cDNA 
probes to ensure that equal amounts of RNA were present in the different lanes. A representative 
autoradiogram from four independent experiments is shown. "Significant difference between fold 
change in SC-M1/BcI2 compared with SC-M1/neo cells at P < 0.05 by Wilcoxon rank-sum 
test 


directional catalyst to accelerate RA-induced growth regulation, 
both in growth arrest and recovery from growth arrest. 


Bcl-2 enhances p21 induction by RA treatment 

We further studied the mechanism by which Bcl-2 accelerated 
RA-induced growth arrest. Since p21 is proposed to be involved 
in this phenomenon [15-18], we investigated whether Bcl-2 
overexpression raised the concentration of p21 during RA- 
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Figure 4 Concentrations of p21 protein and RNA after removal of RA 
treatment 


Exponential-phase growing SC-M1/neo cells and SC-M1/Bcl2 celis were cultured in the 
presence of 5 uM RA for 6 days. RA was then removed by changing the medium, (A) Cell 
lysates were extracted at the indicated time points and analysed by immunoblotting with 
antibodies recognizing p2!. A representative autoradiogram from four independent experiments 
is shown. (B) Total cellular RNA was extracted at the indicated time points, separated on 
formaldehyde/agarose (1.0% gel), blotted on to a nitrocellulose filter and hybridized to a p21- 
specific cDNA probe, as described in the Experimental section. The filter was then hybridized 
to a jJ-actin-specific CDNA probe to ensure that equal amounts of RNA were present in different 
lanes. A representative autoradiogram from four independent experiments is shown. "Significant 
difference between fold change in SC-M1/BcI2 compared with SC-M1/neo cells at P < 0.05 
by Wilcoxon rank-sum tes! 


induced growth arrest. Immunoblot analysis revealed greater 
p21 protein concentrations in SC-MI/Bcl2 cells than in SC- 
MI /neo cells after RA exposure (Figure 3A). The concentrations 
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Figure 5 Exogenous p21 induces growth arrest both in SC-M1/neo and 
SC-M1/BcI2 cells 


Exponential-phase growing SC-M1/neo and SC-M1/Bcl2 cells were infected with recombinant 
adenovirus encoding /acZ and p27 at m.o.i. of 100. (A) Cell lysates (150 jg) were extracted 
after 48 h and analysed by immunoblotting p21 protein. A representative autoradiogram trom 
three independent experiments is shown. (B) Cel! morphology of: (a) SC-M1/neo cells infected 
with recombinant adenovirus encoding /acZ for 2 days, (b) SC-M1/neo cells infected with 
recombinant adenovirus encoding p27 for 2 days, (c) SC-M1/Bcl2 cells infected with /acZ 
encoded adenovirus for 2 days, and (d) SC-M1/BcI2 cells infected with p21-encoded adenovirus 
for 2 days 


of p21 protein after exposure to RA for 2, 4 or 6 days in SC- 
M1/Bcl2 cells were 1.7-, 1.4- and 1.2-fold of those in SC-M1/neo 
cells respectively. Whereas the comparative levels of p21 protein 
in SC-MI/Bcl2 increased significantly within 2 days of RA 
treatment, Northern-blot analysis showed that, during the first 3 
days, p21 mRNA levels were also significantly higher in SC- 
M1/Bel2 cells (1.7-, 1.7- and 1.6-fold) than in SC-MI /neo cells 
after exposure to RA, when assessed using Wilcoxon rank-sum 
test. By day 4 of exposure, the levels of mRNA reached a plateau 
and the concentrations of p21 mRNA were not significantly 


Table 3 Flow cytometric analysis of DNA content of SC-M1/neo and SC- 
M1/BcI2 cells infected with adenovirus/lacZ or adenovirus/p21 


Exponential phase SC-M1/neo and SC-M1/Bcl2 cells were infected with adenovirus/lacZ or 
adenovirus/p21 at a m.o.. of 100 for 48h. The cells were treated as described in the 
Experimental section and subjected to flow cytometric analysis of DNA content. The results are 
the percentages (4-S.D.) of cells in each phase of the cell cycle trom three separate 
experiments 





Percentage of cells in each phase 


Adenovirus/lacZ Adenovirus/p21 





SC-M1/neo cells 
G./G. 628 +12 80.3 -- 1.5 


9 3564-10 18.7 4-07 

GM 164-03 1.03 0.1 
SC-M1/BcI2 

G./G, §8.2+14 8314-11 

9 29.8 3-12 14840. 

G./M 2.0+0.2 1+04 


different (Figure 3B). Taken together, these results suggest 
that Bcl-2 may amplify RA-induced p2/ gene induction during 
growth arrest. 

As our previous observations indicated that Bcl-2 accelerated 
the recovery from growth arrest after the removal of RA (Table 
2), we also investigated the p21 levels in SC-M1/neo and SC- 
M1/Bcl2 cells after the removal of RA using immunoblot and 
Northern-blot analysis. The levels of p21 protein (Figure 4A) 
and p21 RNA (Figure 4B) fell more quickly in SC-M1/Bcl2 cells 
than in SC-MI /neo cells. The concentrations of p21 protein in 
SC-M1/Bcl2 cells decreased to 0.5-, 0.2- and 0.3-fold of the SC- 
MI /neo cells after the removal of RA for 4, 6 and 8 days 
respectively. The difference was significant by Wilcoxon rank- 
sum test. Similarly, the levels of p21 mRNA also fell more 
quickly in SC-M1/Bcl2 cells than in SC-M 1 /neo cells (0.5-, 0.2- 
and 0.6-fold) (Figure 4B). These results suggest that Bcl-2 may 
accelerate the recovery of growth arrest by repressing p2/ gene 
expression after the removal of RA. 


p21 is a mediator of RA-induced growth arrest 


After documenting the correlation of the effect of Bcl-2 on RA- 
induced growth arrest and RA-induced p2/ gene expression, 
the next step was to further establish p21 as the mediator of 
growth arrest in SC-M1/neo and SC-M1/Bel2 cells. We tested 
the capability of p21 to arrest cell growth by overexpressing the 
exogenous p2/ gene in the two cell lines. SC-M1/neo and SC- 
MI/Bcl2 cells were transduced by an adenovirus encoding the 
p21 gene at 100 multiplicity of infection (m.o.1.) [19]. Figure 5(A) 
shows high p21 protein expression in cells infected with recom- 
binant adenovirus encoding p21, but not in virus encoded with 
the /acZ gene. Two days after virus p21 infection, both SC- 
MI /neo (Figure 5B, panel b) and SC-MI/ Bc? cells (Figure 5B. 
panel d) acquired the flattened morphological changes showing 
growth arrest. The same morphological phenomenon occurred 
when SC-M1/neo cells and SC-M1/Bel2 cells were exposed to 
RA (results not shown). Figure 5(B) (panels a and c) show the 
lack of morphological change in both the SC-Ml/neo and 
the SC-M1/Bcl2 cells when each was infected with an equivalent 
titre of recombinant adenovirus encoding /acZ. As shown in 
Table 3, flow cytometric analysis of p21 adenovirus-infected cells 
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revealed the depletion of S phase cells 2 days after infection. 
After adenovirus-p21 infection, the number of S-phase cells in 
SC-M1/neo cells was reduced to 18.7% compared with 35.6% 
of cells in S phase after infection with adenovirus-lacZ. The 
ability of exogenous p21 to achieve a similar effect on cell-growth 
arrest to that of RA, together with the correlation between 
RA-induced growth arrest and p21 gene induction, provided 
some, but not sufficient, evidence for the possible role of p21 
as a mediator of the growth arrest induced by RA in both 
SC-M1/neo and SC-MI/BcD cells. 


DISCUSSION 


RA is reported to induce cell-growth arrest and cell differentiation 
in experimental and physiological conditions [20-22]. Indeed, the 
induction of cell differentiation by RA has been widely used for 
elucidating the regulating mechanism of cell growth and differen- 
tiation. Growth arrest by RA in most research models is 
irreversible [20-22], this makes the correlation of the biological 
response with growth regulation or differentiation difficult. 
However, SC-M1 cells offer a unique system by which RA 
treatment can induce reversible growth arrest and morphological 
changes [11~13]. Any biological event can be better correlated 
with RA-induced growth arrest if it appears with RA treatment 
and disappears after the removal of RA. In the present study, 
p21, which correlated well with the reversible cell-growth arrest, 
may also participate in the growth arrest induced by RA (Figure 
4). A supplementary piece of evidence came from the finding that 


overexpression of p21 by an exogenous p2/ gene delivered by an 


adenoviral vector led to growth arrest in SC-M1 cells (Table 3). 
It was also found that SC-M1/Bcl2 cells, when treated with 
RA, were arrested in growth 2 days earlier than SC-M1/neo cells 
(Table 1), indicating that Bcl-2 accelerates RA-induced growth 
arrest. Further, in addition to this accelerated growth arrest, RA- 
treated SC-M1/Bcl2 cells also recovered from growth arrest after 
the removal of RA 2 days faster than SC-M1 /neo cells (Table 2). 
The present report 1s the first to demonstrate that Bcl-2 accelerates 
not only growth arrest but also recovery from growth arrest. 

In the present study, ıt was found that Bcl-2 overexpression 
did not affect cell growth (Figure 2). However, in a previous 
study, it was stated that the colorectal adenocarcinoma cell line 
(SW480) was the only cell line among several tested where 
growth was inhibited by Bcl-2 [23] This observation was 
measured by transfecting Bcl-2 cDNA into SW480 cells Colony 
formation was counted by drug selection. It is not known if 
growth arrest was the mechanism behind the failure of colony 
formation. It is, nevertheless, still reasonable to assume that Bcl- 
2 does not affect the growth of normal cells. 

In a search for the mechanism of growth regulation by Bcl-2, 
in the present study, it was found that the p2/ gene product was 
an important factor in growth arrest induced by RA, whereas 
Bcl-2 moderately enhanced the induction of p21 in the presence 
of RA (Figure 3). Thus suggests a model where Bcl-2 1s involved 
in RA-induced growth arrest by enhancing the expression of the 
p2l gene. It is unlikely that Bcl-2 directly affects p2/ gene 
expression since Bcl-2 is not a nuclear protein, and has never 
been reported to be a transcription factor. However, over- 
expression of Bcl-2 is shown to induce apoptosis-associated 
changes, such as alteration of the cellular redox state 
[24-27], change in subcellular calcium ion distribution [28,29], 
activation of caspases [30] and distribution of the mitochondrial 
membrane potential [31—33]. These mechanisms may be involved 
in the regulation of p2/ gene expression resulting from the 
presence of Bcl-2. Interestingly, the redox state is reported to 
mediate the regulation of p21 gene expression [34]. The mecha- 
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nisms behind the regulation of p21 gene expression by Bcl-2 are 
currently being investigated. 

From the involvement of Bcl-2 in the growth arrest process, as 
described above, it is reasonable to conclude that Bcl-2 accelerates 
RA-induced growth arrest. However, in the present study, by 
removing RA, we also found that Bcí-2 transgene cells recovered 
more quickly from RA-induced growth arrest and regained 
growth potential faster than the control cells. This suggests that 
the growth potential of cells can be determined by RA treatment 
but not by Bcl-2. Our findings that Bcl-2 enhances not only RA- 
induced growth arrest but also recovery from growth arrest, 
provide an excellent model with which to study the effects of Bcl- 
2 on growth regulation. Unravelling the conditions and mech- 
anisms by which Bcl-2 regulates cell growth may advance our 
knowledge of tumour formation and cancer therapy. 


We are grateful to Dr David Beach for providing p21 cDNA, and Mr John Wu, Mr 
Daniel L Altschuler and Mr Thomas Price for their help in modifying the English of 
thts manuscript. This work was supported by National Science Council Grants, NSC 
87-231 2-B016004 
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REVIEW ARTICLE 


Retinoid-binding proteins: mediators of retinoid action 


Noa NOY' 
Division of Nutritional Sclences, Cornell University, Ithaca, NY 14853, US.A 


Active vitamin A metabolites, known as retinoids, are essential 
for multiple physiological processes, ranging from vision to 
embryonic development. These small hydrophobic compounds 
associate in vivo with soluble proteins that are present in a variety 
of cells and in particular extracellular compartments, and which 
bind different types of retinoids with high selectivity and affinity. 
Traditionally, retinoid-binding proteins were viewed as transport 
proteins that act by solubilizing and protecting their labile 
ligands in aqueous spaces. It is becoming increasingly clear, 
however, that, in addition to this general role, retinoid-binding 
proteins have diverse and specific functions in regulating the 
disposition, metabolism and activities of retinoids. Some retinoid- 
binding proteins appear to act by sequestering their ligands, 
thereby generating concentration gradients that allow cells to 
take up retinoids from extracellular pools and metabolic steps to 


proceed in energetically unfavourable directions. Other retinoid- 
binding proteins regulate the metabolic fates of their ligands by 
protecting them from some enzymes while allowing metabolism 
by others. In these cases, delivery of a bound retinoid from the 
binding protein to the ‘correct’ enzyme 1s likely to be mediated 
by direct and specific interactions between the two proteins. One 
retinoid-binding protein was reported to enhance the ability of 
its ligand to regulate gene transcription by directly delivering this 
retinoid to the transcription factor that is activated by it. 
‘Channelling’ of retinoids between their corresponding binding 
protein and a particular protein target thus seems to be a general 
theme through which some retinoid-binding proteins exert their 
effects. 


Key words: metabolism, retinoids, transport, vitamin A. 





INTRODUCTION 


Dietary vitamin A gives rise to a variety of active metabolites, 
collectively known as retinoids. Chemically, retinoids are com- 
posed of three distinct structural domains: a f-ionone ring, an 
isoprenoid tail, and a polar end-group with an oxidation state 
that may vary: a hydroxy! group in retinols, an aldehyde in 
retinals, and a carboxylic moiety in retinoic acids (Figure 1). 
These small lipophilic compounds exhibit multiple and diverse 
biological activities. One retinoid, 11-cis-retinal, is critical for the 
visual function [1]. Other vitamin A metabolites, i.e. all-trans- 
and 9-cis-retinoic acids, are potent regulators of gene tran- 
scription, and play important roles in regulating cell proliferation 
and differentiation [2] Vitamin A-derived retro-retinoids were 
implicated in regulating immune function by controlling lym- 
phocyte survival [3]. The multiple biological actions of retinoids 
are mediated by two classes of proteins: retinoid receptors and 
retinoid-binding proteins. Retinoid receptors are ligand-inducible 
transcription factors that belong to the superfamily of nuclear 
hormone receptors, and which are activated by stereoisomers of 
retinoic acid. Discussion of these proteins is beyond the scope 
of the present review. The term retinoid-binding proteins is used 
to describe soluble proteins that are found in a variety of tissues 
and that associate with specific retinoids. The aim of this review 
is to consider current knowledge on the spectrum of roles that 
retinoid-binding proteins play in mediating the biological acti- 
vities of their ligands. 


Retinold-binding proteins 


Multiple types of retinoid-binding proteins that associate with 
different chemical and isomeric forms of retinoids have been 


identified both intracellularly and in particular extracellular 
compartments. Hence retinoids are found in vwo either associated 
with cellular membranes or bound to a specific retinoid-binding 
protein. The parent vitamin A molecule, all-trans-retinol, circu- 
lates in blood bound to serum retinol-binding protein (RBP). 
Inside cells, all-trans-retinol and its oxidation product, all-trans- 
retinal, are associated with one of the two isoforms of cellular 
retinol-binding proteins (CRBP-I and CRBP-IJ). all-trans- 
Retinoic acid is found intracellularly bound to one of the two 
cellular retinoic acid-binding protein isoforms (CRABP-I and 
CRABP-II). The visual pigment 11-cis-retinal and its precursor, 
11-cis-retinol, associate in several cell types in the eye with 
cellular retinal-binding protein (CRALBP). Another ocular 
protein that can bind retinoids, the interphotoreceptor retinoid- 
binding protein (IRBP), is present in the extracellular space 
separating pigment epithelium and photoreceptor cells. 

Retinoid-binding proteins are believed to share a common 
role, in that they act to solubilize and stabilize their hydrophobic 
and labile ligands in aqueous spaces. However, a growing body 
of information indicates that, in addition to this general role, 
specific retinoid-binding proteins have distinct functions in 
regulation of the transport, metabolism and action of the 
particular retinoids with which they associate. Of the numerous 
types of known retinoid-binding proteins, this review considers 
only those for which such specific functions have been docu- 
mented (Table 1) 


STRUCTURE 


With the exception of CRALBP and IRBP, known retinoid- 
binding proteins belong to two protein families that were 


Abbreviations used: ARAT, acyl-CoA retinol acyltransferase, CRABP, cellular retinoic acid-binding protein, CRALBP, cellular retinal-binding protein, 
CRBP, cellular retinol-binding protein, DHA, docosahexaenoic acid, ILBP, intracellular lipid-binding protein, IPM, interphotoreceptor matrix, IRBP, 
interphotoreceptor retinoid-binding protein, LRAT, lecithin retinol acyltransferase, RAR, retinoic acid receptor, RBP, serum retinol-binding protein The 
terms retinol, retinal and retinoic acid designate the respective all-trans-tsomers unless specified otherwise. 
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Figure 1 Chemical structures of some biologically active retinoids 


Table 1 Characteristics of some retinoid-binding proteins 


References: * [76] (rat ABP); " [57,60,149] (rat CRBP-I); * [150] (rat CRBP-II); ^ [101] 
(human CRABP-l, human CRABP-II); * N, Noy and J. C. Saari, unpublished work (bovine 
CRALBP); ' [22]; N. Shaw and N. Noy, unpublished work (bovine IRBP) 





Molecular Major 





Protein Family mass (kDa)  ligand(s) K, (nM) No. of sites 
RBP Lipocalin 21.0 all-frans-Retinol 20* 1 
CRBP-| X iLBP 150 all-trans-Retingo < 10" 1 
all-frans-Retinal 50" 
CRBP-l|  iLBP 15.0 all-trans-Retinol ~ 100 x K, of CRBP-I* 1 
all-trans-Retinal 90" 
CRABP-| iLBP 14.0 all-trans-Retinoic 0.06° 1 
acid 
CRABP-I| iLBP 14.0 all-trans-Retinoic 0.13° 1 
acid 
CRALBP .— 36.0 11-cis-Retinol 1 
11-cis-Retinal ~ 15° 
IRBP = 136.0 all-trans-Retinol 50—100' 3! 
11-cis-Retinal 50~100' 





originally classified as transport proteins for hydrophobic 
ligands: the lipocalins and the intracellular lipid-binding proteins 
(iLBPs). Excellent reviews on the structural relationships between 
lipocalins and iLBPs have been published [4,5] and these issues 
are only discussed briefly here. 


Lipocalins 


Members of the lipocalin family, including the retinoid-binding 
proteins RBP, epididymal retinoic acid-binding protein and £- 
lactoglobulin, share a very low sequence identity but display a 
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Figure 2 Ribbon drawing of the three-dimensional structure of bovine 
holo-RBP 







Bound retinol is depicted in red. The figure was generated by using the co-ordinates of bovine 
holo-RBP reported in [148] 


highly conserved overall fold. They are composed of an eight- 
stranded antiparallel /-sheet that is folded over itself to form a 
hydrogen-bonded /-barrel, which constitutes the ligand binding 
pocket (Figure 2). The N-termini of these proteins are folded 
around the back of the barrel, ‘capping’ that side of the pocket. 
In contrast, the front of the #-barrel is open to provide a portal 
for the ligand. The entrance is flanked by a single loop scaffold. 
The ligand-binding sites of different lipocalins differ in their 
structural details, conferring distinct ligand selectivity [4]. In 
RBP, the -barrel completely encapsulates the bound retinol, 
with the #-ionone ring innermost and the hydroxy head-group 
reaching to the protein surface, where it is co-ordinated to a 
water molecule at the pocket entrance [6]. The interactions of 
retinol within RBP are stabilized mainly by hydrophobic inter- 
actions of the J-ionone ring and the isoprenoid chain with amino 
acid residues that line the interior of the pocket, whereas the 
hydroxyl group does not contribute significantly to ligand- 
protein interactions [6,7]. In addition to binding their hydro- 
phobic ligands, many lipocalins interact with accessory proteins. 
RBP is bound in blood to transthyretin, a tetrameric protein with 
a molecular mass of ~ 55 kDa. This interaction is believed to 
protect the small RBP molecule from filtration by renal glomeruli, 
thereby retaining it in blood [8]. The interactions between RBP 
and transthyretin are mediated through the loop at the entrance 
of the ligand-binding pocket [9], and also involve amino acid 
residues at the RBP C-terminus [10]. 


iLBPs 


By sequence identity, CRBPs and CRABPs belong to the family 
of ILBPs, which also includes the fatty acid-binding proteins. 
Like lipocalins, iLBPs bind their hydrophobic ligands within an 
antiparallel #-barrel structure. The f-barrel of iLBPs is con- 
structed of two orthogonal, five-stranded, /-sheets that form a 
ligand binding pocket, with a helix-turn-helix motif at the 
entrance to the pocket [11—13] (see Figure 3). A striking difference 
between the mode by which lipocalins and iLBPs bind their 
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(a) 





Figure 3 Three-dimensional structure of human holo-CRBP-1 


(b) 





(a) Ribbon drawing of the three-dimensiona! structure of CRBP-| with bound retinol (red). (b) Space-tilling model of holo-CRBP-I, emphasizing the limited accessibility of bound retino! to the bulk 
solution. The figures were generated by using the co-ordinates of human holo-CRBP-! reported in [58] 


ligands is the reversal of the binding orientation. Thus, in 
contrast with the orientation of retinol within the RBP binding 
site, iLBP ligands are oriented such that their polar groups are 
buried deep in the binding pockets and are co-ordinated to 
specific polar amino acid residues in this region. In both CRBPs 
and CRABPs, the //-ionone ring of retinol or retinoic acid is close 
to the surface of the respective protein, where it fits snugly within 
the entrance. Similarly to lipocalins, the N-terminus of the iLBP 
wraps around the back of the barrel, making that side inaccessible 
to the bulk solution. However, the front of the barrel in CRBPs 
and CRABPs is flanked by two a-helices that appear to limit 
access to the binding site [13] (Figure 3). An interesting question 
that thus arises is how the bound ligand exits the binding pocket 
to reach its sites of metabolism. Similarly, the closed structure of 
the binding pocket brings into question the mechanism by which 
the ligand can gain access to the site. The crystal structures of 
apo-CRABP-I [14] and -CRABP-II [11] indicate that these 
proteins crystallize as dimers, and that the pocket entrance is 
somewhat more open than that observed in the holoprotein. It 
was thus suggested that dimer formation constitutes a mechanism 
that allows better accessibility of the binding site. However, 
recent NMR studies have revealed that apo-CRABP-II is mono- 
meric in solution, and that the entrance to the binding pocket 
of the apoprotein is greatly enlarged and readily accessible as 
compared with the holoprotein [12]. Similarly, NMR studies of 
the solution structure of apo-CRBP-II revealed the presence 
of an opening that can potentially accommodate initial entry of 
the polar end of the retinol molecule [15]. 


Ocular retinoid-binding proteins 


The two retinoid-binding proteins that are found specifically in 
retina and neural tissue, CRALBP and IRBP (Table 1). do not 


belong to either the lipocalin or the 1LBP family, and their 
structural make-ups are poorly understood. CRALBP is notably 
similar to two other lipid-binding proteins: tocopherol transfer 
protein, a liver protein that interacts specifically with the a- 
conformer of tocopherol [16]. and SECIA4, which serves as a 
transfer protein for phosphatidylinositol in yeast [17]. Recent 
Studies have indicated that the retinoid-binding pocket of 
CRALBP is located at the C-terminus, and have implicated 
residues Gln”! and Lys**! in serving to stabilize ligand binding 
by this protein [18]. 

IRBP is unique among retinoid-binding proteins in that it 
contains three binding sites for retinoids as well as one or two 
binding sites for long-chain fatty acids ([19-22]; N. Shaw and N. 
Noy, unpublished work). This protein is also unusual in that it 
can associate with multiple chemical and isomeric forms of 
retinoids although. in accordance to its proposed role, it 
displays the highest affinity towards the retinoids that are 
important in the visual cycle, i.e. 11-cis-retinal and all-trans- 
retinol [23]. Bovine IRBP can associate with 2 mol of all- 
trans-retinol or 2 mol of 11-cis-retinal per mol of protein. One of 
the protein's retinoid-binding sites displays a broad ligand 
selectivity and can accommodate either all-frans-retinol or 11- 
cis-retinal with similar affinities [23]. The two additional sites 
display narrower specificities for retinol and retinal, respectively 
([22]; N. Shaw and N. Noy, unpublished work). The thermo- 
dynamic characteristics of the interactions of all-trans-retinol 
with IRBP indicate that association of retinol with both of its 
sites is stabilized mainly by hydrophobic interactions, that neither 
of the sites requires the hydroxy head-group for binding. and 
that, nevertheless, the two sites are structurally distinct [24]. 

The primary sequence of mammalian IRBP reveals four 300- 
residues-long repeats of homologous stretches. An additional 55- 
residue extension comprises the C-terminus of the protein [25,26]. 
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It was proposed that conservative hydrophobic sequences located 
near the C-termini of each of the four repeats may be involved in 
binding of retinoids and/or fatty acids [26]. In contrast with the 
mammalian and amphibian proteins, IRBP in teleosts is com- 
posed of only two homologous repeats, corresponding to the N- 
terminal and C-terminal repeats of the mammalian protein [27]. 
Proteins that share sequence identity with IRBP have also been 
identified in bacteria and plants. One of these, Tsp, is a 
periplasmic protease of Escherichia coli that has been implicated 
in playing a role in fatty acid transport [28]. 


FUNCTIONS 


It is becoming increasingly clear that the traditional view that 
retinoid-binding proteins act mainly as aqueous storage com- 
partments for retinoids is far from being complete. Rather. 
accumulated evidence indicates that many of these proteins play 
specific roles in regulating the transport, metabolism and action 
of their ligands. Retinoid-binding proteins associate with their 
ligands with affinities in the nanomolar range (Table 1). An 
important general question that arises regarding their functions 
is: how do these proteins release the ligands at their sites of 
metabolism or action? Theoretically, a ligand can move from a 
donor (the respective binding protein) to an acceptor (the 
appropriate target) by one of two possible mechanisms. In the 
first model, the ligand dissociates from the donor, diffuses 
through the aqueous space, and binds to an acceptor, if such is 


(a) Transfer via the aqueous phase 





Holo-binding protein 
Target: enzyme/receptor 


Jm — 


Holo-binding protein 





(b) Transfer by 'channelling' 


Apo-binding protein 





present (Figure 4a). In this model, the activity of the target 
will rely on the aqueous pool of the ligand, the transfer process will 
be driven by concentrations gradients, and its rate will be limited 
by the rate of dissociation of the donor-ligand complex. Alterna- 
tively, a donor may engage in direct interactions with an acceptor, 
transferring the ligand by ' channelling' between the two proteins 
(Figure 4b). Such a process will bypass the aqueous space and 
may result in facilitation of transfer. Available information 
indicates that, while some retinoid-binding proteins exert their 
effects simply by binding their ligands and releasing them to the 
bulk solution, thereby generating concentration gradients, some 
of these proteins can deliver their ligands to target proteins via 
direct protein—protein interactions. Direct targets that have been 
suggested include enzymes that utilize particular retinoids as 
their substrates, and, in one documented case, a transcription 
factor that is activated by a retinoid. 


Functions of RBP 


Retinol is secreted from its storage pools and circulates in blood 
bound to RBP. The main storage site for vitamin A and, 
correspondingly, the main site of synthesis of RBP, is the liver, 
although other tissues (including adipose tissue, kidney, lung, 
heart, skeletal muscle, spleen, eye and testis) express this protein. 
Secretion of RBP from the liver is tightly regulated by the 
availability of retinol. In vitamin A deficiency, RBP secretion is 
inhibited and the protein accumulates in the endoplasmic 
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Figure 4 Pathways by which a ligand may transfer from a donor protein to an acceptor 


(8) Transfer may require dissociation of the donor-ligand complex prior to diffusion of the ligand through the aqueous phase and its association with the acceptor. (b) Transfer may be mediated 
by direct interactions between the donor and the acceptor in a ‘channelling’ process. This process may result in facilitation of the formation of the acceptor-ligand complex. 
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reticulum of hepatic parenchymal cells. In the presence of retinol, 
RBP associates with retinol, moves to the Golgi apparatus and 
is secreted into blood in the form of the holoprotein [29]. The 
mechanism by which retinol initiates secretion of RBP from cells 
is unknown, but appears to be conserved in yeast ectopically 
expressing RBP [30]. In blood, RBP is bound to transthyretin, 
which, in addition to associating with RBP, functions as a carrier 
protein for thyroid hormones. Binding of RBP to transthyretin 
serves to prevent the loss of the smaller protein from the 
circulation by filtration in the renal glomeruli. The ternary 
complex transthyretin—RBP-retinol thus serves to transport 
retinol in the circulation and to deliver it to target tissues. It has 
been established that retinol enters most of its target cells 
(though perhaps not all, see [31,32]) in the form of free retinol, 
unaccompanied by the binding protein [8,29]. 

The exact role that RBP plays in regulating vitamin A uptake 
by extrahepatic cells is controversial, and two alternative views 
have been presented. On the one hand it has been proposed that 
a receptor embedded in the plasma membranes of target cells 
mediates transfer of retinol from RBP, across the membrane and 
into cytosol, or perhaps directly to the protein that binds retinol 
in cells, CRBP [33-39]. The function of the ‘RBP receptor’ has 
been assigned to a 65 kDa protein (Rpe65) which was originally 
identified in retinal pigment epithelium cells [36-40]. However, 
the ability of Rpe65 to act as a plasma membrane receptor for 
RBP has been questioned in view of its primary sequence, which 
lacks hydrophobic regions that would allow it to integrate into a 
membrane, and of immunolocalization studies which localized it 
intracellularly [41,42]. In addition, a recent study of Rpe65- 
deficient mice showed that the retinal pigment’ epithelium of 
these mice overaccumulates all-trans-retinyl esters but contains 
undetectable levels of 1 1-cis-retinyl esters [43]. These observations 
suggest that Rpe65 is not essential for uptake of retinol by the 
pigment epithelium, but rather that it is critical for conversion of 
all-trans-retinoids into the 11-cís-isomers in these cells. 

An alternative view regarding the mechanism by which retinol 
leaves RBP in the plasma and enters target cells stemmed from 
the consideration that, because of the hydrophobic nature of 
retinol, cellular membranes do not constitute a barrier to it. 
Indeed, it was shown that retinol spontaneously crosses mem- 
branes at rates of the order of ms, that its dissociation from lipid 
bilayers is characterized by a 1, of about 1 s, and that it rapidly 
partitions between proteins and membranes [7,44]. It was shown 
further that binding to RBP is not required for movement of 
retinol into or out of cells [45-47]. It was thus proposed that 
cellular uptake of retinol from RBP in blood occurs spon- 
taneously and simply follows the concentration gradients of free 
retinol [45,46,48—50]. In support of this model, reported rates of 
uptake of retinol by several target cells are two to three orders 
of magnitude lower than the rate of the spontaneous dissoci- 
ation of retinol from RBP [51]. Thus there does not seem to be 
a physiological need for facilitating the dissociation of the 
RBP-retinol complex by a distinct protein entity. These con- 
siderations suggest that the cellular uptake of retinolis not limited 
by events that occur in blood or at the level of the plasma 
membrane, but by downstream reactions such as the intracellular 
diffusion of retinol to sites of metabolism, and by subsequent 
metabolic steps. Accordingly, in most cells the pools of retinol in 
blood and in cytosol will be near equilibrium, and retinol will be 
selectively taken up only by cells in which a retinol concentration 
gradient, directed inwards, can be created. Such a gradient will 
be generated in cells that actively utilize retinol, or in cells in 
which CRBP is up-regulated, thereby decreasing the cytosolic 
concentration of free retinol (reviewed in [8,51D. 

Important insights into the biological role of RBP have been 


obtained recently by studies of mice and humans in which the 
RBP gene 1s disrupted. RBP-deficient mice display reduced 
blood retinol levels and impaired visual function during the first 
months of life. However, these mice are viable and fertile and, 
when maintained on a vitamin A-sufficient diet, they acquire 
normal vision by 5 months of age, even though their blood 
retinol level remains low [52] A striking phenotype of the RBP- 
null mice is that they possess larger than normal hepatic vitamin 
A stores, but are nevertheless dependent on a continuous dietary 
intake of vitamin A [52]. A recent study of two human siblings 
that harbour point mutations in their RBP gene and exhibit 
undetectable plasma RBP levels revealed that these sisters suffer 
from night blindness and mild retinal dystrophy but do not 
exhibit other clinical symptoms of vitamin A deficiency [53,54]. 
Taken together, the observations obtained by examining RBP- 
deficient mice and humans support the conclusions that RBP is 
critical for the mobilization of retinol from hepatic storage pools 
in times of insufficient dietary intake, but that the protein is not 
essential for the delivery of retinol to tissues. Supply of vitamin 
A to target tissues in the absence of RBP is likely to be 
accomplished via newly absorbed retinyl esters, or perhaps f- 
carotene present in circulating chylomicrons. 


Functions of CRBPs 


CRBP-I and CRBP-II were the first intracellular retinoid-binding 
proteins to be discovered. The primary sequences of rat CRBP-I 
and CRBP-II show 56% identity [55], and each of these 
proteins is highly conserved among species, exhibiting 91-96% 
sequence identity among human, rat, mouse, pig and chick 
(reviewed 1n [5,56]). Both proteins interact with both all-trans- 
retinol and all-trans-retinal. It has been reported that the binding 
affinity of CRBP-I towards retinol is about 100-fold higher as 
compared with that of CRBP-II, that the two proteins display a 
similar binding affinity towards retinal, and that CRBP-II 
associates with retinol and retinal with similar affinities ([55,57]; 
see Table 1). The CRBPs belong to the family of iLBPs, and 
hence bind their ligands within a 10-stranded antiparallel £- 
barrel with the polar head-group directed innermost. The 
hydroxy group of retinol within the crystal structure of holo- 
CRBP is hydrogen-bonded to a Gin residue at the bottom of the 
barrel [58,59]. CRBP-bound retinol assumes a conformation in 
which its #-10none ring 1s approximately planar in relation to the 
isoprene chain with the chain fully extended. The planarity of 
the molecule results in a 25 nm red-shift and in the appearance 
of fine structure in the absorption spectrum of retinol when 
bound to either CRBP-I or -H [60,61]. 

The two isoforms of CRBP display a strikingly different tissue 
distribution. CRBP-I is expressed in multiple tissues, both in the 
fetus and in the adult. In the adult, it is particularly abundant in 
the liver, kidney, lung and reproductive organs, and is also 
expressed in the choroid plexus in the brain and in pigment 
epithelium cells in the eye [62-66]. In contrast, in the adult, 
CRBP-I is restricted to the small intestine, where it is located in 
mature enterocytes on the villi of the mucosal epithelium 
[55,67,68]. CRBP-IIin the fetus is mainly localized in the intestine, 
but is also transiently expressed in the liver where, in the rat, it 
appears several days before birth and disappears shortly after 
birth [55]. It is also expressed in the yolk sac between embryonic 
days 10.5 and 15.5 [69]. 

The high degree of sequence conservation of CRBPs indicate 
that they play important roles in retinoid biology. The amphi- 
pathic nature of retinol results in * detergent-like' characteristics 
of the molecule, and its presence indeed affects various aspects of 
membrane structure and function [70-73]. CRBPs, and especially 
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CRBP-I with its high affinity for retinol, are believed to sequester 
this ligand, thereby protecting cells from its membranolytic 
effects. It has been shown in this regard that the predominant 
fraction of retinol in the liver is associated with CRBP, with very 


little of the compound partitioning into cellular membranes - 


[74,75]. Up-regulation of the expression of CRBP 1s also expected 
to result in an equilibrium shift, 1e. in a decrease in the 
intracellular level of free retinol, thereby increasing the flux of 
retinol from the blood RBP-bound pool into cells [76]. 

In addition to these roles, the available information implicates 
CRBPs in regulation of the metabolism of retinol and retinal. A 
general consideration that should be kept in mind is that all 
known retinoid-metabolizing enzymes can utilize free retinoids 
as their substrates. Most of the evidence for the involvement of 
retinoid-binding proteins in retinoid metabolism thus stems from 
comparison of the kinetic parameters of key metabolic reactions 
in the presence and absence of a binding protein. Interpretation 
of such studies is hampered by the low aqueous solubility of 
retinoids and by their high affinity for cellular membranes. This 
caveat is of particular concern when the enzymes under study are 
integral membrane proteins. Retinoids in such assay mixtures 
partition between the binding protein, the aqueous space, the 
membranes and, when present at high concentrations, also 
between micelles and self-aggregates. Hence, neither the concen- 
trations of retinoids in the different pools nor the potential rate- 
limiting steps for the observed activities can be readily assessed, 
complicating kinetic analyses. Nevertheless, accumulated evi- 
dence strongly supports the conclusion that some retinoid binding 
proteins act by allowing access of their ligands to particular 
enzymes, while restricting access to others. 

Multiple enzymic activities that can catalyse metabolic con- 
versions of free retinol and retinal have been reported [77,78]. 
However, only specific enzymes recognize CRBP-bound 
retinoids, suggesting that CRBPs limit access of retinoids to 
some enzymes, while allowing metabolism by others to proceed 
(reviewed in [5]). Such a role is deemed especially important in 
view of the need for tight regulation of cellular levels of the active 
vitamin À metabolite retinoic acid. The notion that a specific 
process, mediated by protein-protein interactions between CRBP 
and a target enzyme, may be necessary to allow an enzyme to 
gain access to bound ligand is also attractive in view of the three- 
dimensional structure of CRBPs, in which accessibility of bound- 
retinol to the bulk solution appears to be limited (Figure 3). 
Available information implicates both CRBP-I and -H in regu- 
lating several enzymic activities. 


CRBP-| 


(a) Regulation of vitamin A storage. The processes by which 
vitamin A is taken up into the liver, the subsequent metabolism 
and disposition of retinol in this tissue, and the enzymic steps 
that have been proposed to be under regulation of CRBP-I are 
depicted in Scheme 1. In vitamin A sufficiency, retinol 
accumulates in the liver, where it is stored in the form of retinyl 
esters. Two distinct enzymic activities that can catalyse the 
esterification of retinol with long-chain fatty acids to form retinyl 
esters have been identified: acyl-CoA:retinol acyltransferase 
(ARAT; EC 2.3.1.76), which is dependent upon the presence of 
CoA, and lecithin: retinol acyltransferase (LRAT; EC 2.3.1.135), 
for which the esterification reaction is coupled to hydrolysis of 
phospholipids [5,8]. It has been demonstrated that, while both 
enzymes can metabolize free retinol, esterification of CRBP- 
bound retinol by hepatic microsomal fractions is CoA-inde- 
pendent, implying that CRBP-bound retinol is metabolized by 
LRAT, but not by ARAT. Furthermore, the inclusion of CRBP- 
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I in LRAT assay mixtures does not seem to significantly alter the 
observed K, of the reaction [79]. As the concentration of free 
retinol 1s expected to be significantly reduced in the presence of 
the high-affinity binding protein, these observations were taken 
to indicate that LRAT can recognize retinol when bound to 
CRBP-I, suggesting that the substrate is ‘channelled’ between 
the binding protein and the enzyme via direct protein-protein 
interactions [5]. 

While holo-CRBP-I presents its ligand directly to LRAT, apo- 
CRBP-I strongly inhibits this reaction. It was reported that a 2- 
fold excess of CRBP-I over retinol leads to a 80% decrease in 
LRAT activity. As the magnitude of the decrease could not be 
accounted for merely by the decrease in the concentration of the 
free ligand due to the excess binding protein, these data were 
taken to suggest that apo-CRBP-I is a direct inhibitor of the 
enzyme [79]. An additional enzymic activity that was reported to 
be affected by apo-CRBP-I is retinyl ester hydrolase. It was 
demonstrated that apo-CRBP-I stimulates the hydrolysis of 
endogenous retinyl esters in liver microsomal fractions in a 
saturable fashion. The molecular mechanisms underlying this 
effect have not been clarified [80]. 

The physiologically relevant scenario that emerges from these 

observations suggests that, in vitamin A sufficiency, CRBP-I will 
be largely saturated with retinol and will direct this ligand to 
storage by delivering ıt to LRAT. On the other hand, under 
conditions of vitamin A deficiency, the level of retinol and, 
consequently, the level of saturation of CRBP-I will decrease, 
resulting in an elevation in the level of the apoprotein. In turn, 
apo-CRBP-I will both inhibit retinol esterification and stimulate 
liberation of retinol from stored retinyl esters, thereby allowing 
retinol to be released into the circulation [5]. A recent study of 
mice in which the CRBP-I gene had been disrupted revealed that 
CRBP-I deficiency is accompanied by a 50% decrease in retinyl 
ester pools in hepatic stellate cells, although it does not affect the 
levels of enzymes that catalyse vitamin A metabolism. The 
decrease was found to stem from decreased retinyl ester synthesis 
and was accompanied by an accelerated rate of clearance of 
hepatic retinyl esters, strongly supporting the notion that CRBP- 
I is essential for maintenance of vitamin A storage [81]. 
(b) Synthesis of retinoic acid. Retinoic acid is produced from 
retinol by two enzymic steps. The first step, catalysed by retinol 
dehydrogenase, results in the formation of retinal, which is then 
converted, via the action of retinal dehydrogenase, to retinoic 
acid (Scheme 1) Free retinol can be oxidized by multiple forms 
of alcohol dehydrogenases with broad substrate specificities that 
are present in both cytosol and membrane fractions [77,78]. 
However, only distinct enzymes can gain access to CRBP-I- 
bound retinol, suggesting that the binding protein delivers its 
ligand to enzymes in a specific manner which is likely to involve 
direct protein-protein interactions. As CRBP-I binds not only 
retinol but also retinal, it was suggested that retinal that is 
produced following oxidation of retinol also associates with 
CRBP-I and that the protein-bound retinal serves as a substrate 
for the subsequent reaction by retinal dehydrogenase. It has been 
shown in regard to this that CRBP-I-bound retinal is not readily 
accessible to cytosolic retinal dehydrogenase activity, but is 
efficiently metabolized to retinoic acid by microsomal enzymes 
[78,82,83]. 

Overall, current information implicates CRBP-I in regulating 
vitamin A storage, as well as in determining the specificity of the 
two enzymic activities that produce retinoic acid. It is worth 
noting, however, that while the proposed function for CRBP-I in 
regulating vitamin A storage has been strongly supported by 
studies of CRBP-I-null mice, these animals do not display 
abnormalities related to retinoic acid deficiency, at least under 
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Scheme 1 Proposed involvement of retinoid-binding proteins in modulating the disposition and metabolism of retinoids in the liver 


Following uptake of chylomicrons by the hepatocytes, retinyl esters incorporated in these particles are hydrolysed by retinyl ester hydrolase (REH) to yield free retinol. In vitamin A excess, retinol 
moves to stellate cells, where it is re-esterified by either ARAT or LRAT. In vitamin A deficiency, retinyl esters, stored in lipid droplets in the stellate cells, are hydrolysed by REH., Free retina! 
thus produced moves back to the hepatocytes, where it complexes with RBP, triggering secretion of holo-RBP into the blood. In the hepatocytes, retinol may be degraded by specific cytochrome 
P450 enzymes. Alternatively, retinol may be oxidized to retinal and, subsequently, to retinoic acid by processes sequentially catalysed by retinal dehydrogenase (ROLDH) and retinal dehydrogenase 
(RALDH). Degradation of retinoic acid is catalysed by specific cytochrome P450 enzymes (CYP26). CRBP-Í draws retinol from blood into the cell by shifting the equilibrium between plasma and 
cellular retinal pools. This protein also controls the formation and hydrolysis of retinyl esters: CRBP-i-bound retinol is esterified exclusively by LRAT: apo-CRBP-| was reported to inhibit LRAT 
and to facilitate REH. it was also reported that CRBP-I directs retinol and retinal to specific ROLDH and RALDH isoforms, while limiting access to others. CRABP-I was shown to enhance retinoic 
acid degradation. Retinoid-binding proteins are shown in red; enzymic activities are shown in blue, See text for references. 


conditions of maternal vitamin A sufficiency [81]. Hence, under 
these conditions, CRBP-I does not appear to be essential for 
retinoic acid synthesis during development. 


CRBP-1I 


The exclusive expression of CRBP-II in the absorptive cells of 
the small intestine, and the high concentration of the protein in 
this location (comprising up to 1°, of all soluble proteins [5]). 
suggests that CRBP-II has a role in the initial processing of 
retinol from food. Vitamin A is present in foods either as J- 
carotene, derived from plant sources, or as retinyl esters, orig- 
inating from animal sources. The first step in the metabolism of 
f-carotene is an oxidative cleavage, generating retinal, which is 
subsequently reduced to retinol. Retinyl esters are hydrolysed to 
produce free retinol upon entry into the enterocytes. Retinol, 
derived either from f-carotene or from dietary retinyl esters, 1s 
then esterified and the resulting retinyl esters are packaged into 
chylomicrons and secreted into blood via the lymphatic system 
(reviewed in [8]). Similar to CRBP-I, CRBP-II seems to determine 
- the specificity of enzymes that may gain access to retinol and 
retinal. For example, it has been shown that soluble enzymes 


present in extracts of intestinal mucosa can reduce free retinal, 
but not retinal bound to CRBP-II. In contrast, retinal reductase 
in mucosal microsomal fractions readily produced retinol when 
presented with CRBP-II-bound retinal [84]. CRBP-II was also 
reported to block the re-oxidation of retinol to retinal, most 
likely because protein-bound retinol is not available to enterocyte 
retinol dehydrogenases [84]. CRBP-II also participates in regu- 
lation of the esterification of retinol in the enterocyte. Similar to 
hepatic ARAT, intestinal ARAT is incapable of processing 
CRBP-II-bound retinol. In contrast, LRAT catalyses retinol 
esterification more efficiently when the substrate is presented to 
the enzyme bound to CRBP as compared with free retinol [79]. 
Unlike apo-CRBP-I, apo-CRBP-II does not inhibit the activity 
of LRAT, and thus formation of retinyl esters in the intestine is 
expected to proceed in times of low intake of vitamin A [79]. 


Functions of CRABPs 

Two binding proteins with a high affinity for all-trans-retinoic 
acid have been identified, CRABP-I and CRABP-II. The two 
isoforms are highly similar, displaying 74°, sequence identity 
between human CRABP-I and -II, and are also extremely 
conserved between species. For example, rat, mouse and bovine 
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CRABP-I are all identical, and they differ from the human 
protein by a single amino acid residue [85-90]. In the three- 
dimensional structure of holo-CRA BPs, retinoic acid is buried in 
the binding pocket such that its carboxy head group interacts 
with two arginine residues and one tyrosine residue at the bottom 
of the pocket. The #ionone ring is twisted into a cis-like 
configuration relative to the isoprene tail, and fits at the entrance 
to the pocket such that only one edge is accessible to the solvent 
[13]. Hence, similarly to CRBPs (Figure 3), access to the entrance 
of the ligand-binding pocket of CRABP appears to be restricted, 
implying that significant conformational changes are required to 
allow the ligand to move out of the site. 

The two isoforms of CRABP display different patterns of 
expression across cells and developmental stages. In the adult, 
CRA BP-I ıs expressed almost ubiquitously [5], while CRABP-I 
is only expressed in the skin [5], uterus and ovary [66,91], and the 
choroid plexus [92]. Both CRABPs are widely expressed in the 
embryo, although they do not usually co-exist in the same cells 
[93]. The biological functions of CRABPs are not completely 
understood at present. It was reported that mice 1n which the 
genes for either CRABP-I or CRABP-II have been disrupted 
appear to be essentially normal, except for some defects in limb 
development [94,95]. It is interesting to note, in regard to these 
observations, that retinoic acid acts as a morphogen in vertebrate 
limb development. It was shown, for example, that exogenously 
generated concentration gradients of retinoic acid across the 
limb bud in the developing chick induced the formation of 
additional digits. Furthermore, pattern formation under these 
circumstances was found to be determined by the shape of the 
gradient rather than by the actual concentration at the source 
[96,97]. In view of the noted defects in limb development in 
CRABP-null mice, CRABPs may be involved in generation of 
appropriate retinoic acid concentration gradients in the limb 
bud. However, the molecular mechanisms underlying these effects 
remain to be clarified. 

Similarly to other retmoid binding proteins, it has been 
proposed that CRABPs serve to solubilize and protect their 
ligand in the aqueous cytosol, and that they transport retinoic 
acid between different cellular compartments. It was thus 
suggested that CRABPs act to deliver their ligand to the nucleus, 
where it will bind and activate retinoid receptors [98]. In support 
of this notion, it was demonstrated that both CRABP isoforms 
are present not only in cytosol but also in the nucle: of cells [99]. 
The exceptionally high level of conservation of CRABPs across 
species, and the distinct expression pattern of the two isoforms, 
imply not only that they play critical roles in retinoic acid 
biology, but also that the two isoforms serve distinct functions. 
It was proposed that functional differences between the two 
isoforms may stem from differences in their binding affinity for 
retinoic acid [100] However, the equilibrium dissociation 
constants of complexes of CRABP-I and -II with retinoic acid 
differ only by 2-fold ([101], see Table 1) and it is difficult to see 
how this small difference could account for distinct functions of 
the two proteins. The question thus remains: what are the 
different roles that CRABP-I and CRABP-II play in regulating 
retinoic acid action? Recent studies have begun to shed some 
light on this question 


CRABP-| 


CRABP-I has been shown to modulate the activities of enzyme(s) 
that catalyse the metabolic transformation of retinoic acid. It 
was reported that, when bound to CRABP-I, retinoic acid serves 
as a substrate for enzymes in rat testes microsomes, giving rise 
to the polar metabolites 3,4-didehydro-, 4-hydroxy-, 4-oxo-, 
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16-hydroxy-4-oxo- and 18-hydroxy-retinoic acids [102]. These 
metabolites are likely to be products of members of the CYP26 
family, cytochromes P450 that specifically metabolize retinoic 
acid [103-106]. Additionally, it was shown that increased ex- 
pression of CRABP-I in F9 teratocarcinoma cells enhanced the 
rate of formation of polar metabolites from retinoic acid [107], 
and that the sensitivity of F9 cells to retinoic acid-induced 
differentiation 1s inversely correlated with the cellular level of 
CRABP-I [108]. The details ofthe mechanisms by which CRABP- 
I regulates the activities of retinoic acid-metabolizing enzymes), 
and the identity of the specific enzyme(s) affected by this binding 
protein, remain to be clarified. Nevertheless, these observations 
suggest that CRABP-I acts to dampen cellular responses to 
retinoic acid, and that this effect reflects the ability of the binding 
protein to enhance the activity of an enzyme(s) that catalyses the 
degradation of the hormone. 


CRABP- 1I 


Both CRABP-I and -II are present ın the nucleus, implying that 
both proteins may serve to deliver retinoic acid to the tran- 
scription factor that is activated by it, namely the retinoic acid 
receptor (RAR). However, it was recently shown that the 
mechanisms by which CRABP-I and -H deliver their ligand to 
RAR are fundamentally different [101]. As discussed above, 
transfer of retinoic acid from CRABP to RAR may occur either 
via the aqueous phase (Figure 4a) or by ‘channelling’ between 
the two proteins, i.e. through direct protein—protein interactions 
and in a way that bypasses the bulk solution (Figure 4b). Kinetic 
studies of the processes through which retinoic acid moves from 
CRABP-I or CRABP-II to RAR revealed that, while CRABP-I 
acts as a passive vehicle which binds and releases its ligand 
according to concentration gradients, CR ABP-TI delivers retinoic 
acid to the RAR in a direct collisional process. It was shown 
further that channelling of retinoic acid between CRABP-II and 
RAR results in a significant facilitation of the formation of holo- 
RAR [101]. These observations suggest that, in cells, expression 
of CRABP-II (but not of CRABP-I) would enhance the trans- 
criptional activity of RAR. This conclusion has been supported 
by the observation that overexpression of CRABP-II (but not 
CRABP-T) results in a marked stimulation of transcription of a 
reporter gene driven by a RAR response element [101,109]. It 
was also reported that loss of expression of CRABP-II is 
correlated with resistance of mammary carcinoma cell lines to 
retinoic acid-induced growth arrest [110], and that expression of 
a CRABP-II antisense construct in SCC cells results in reduced 
sensitivity to retinoic acid-induced cell-cycle arrest [111]. Hence 
expression of CRABP-II appears to play a role in sensitizing cells 
to retinoic acid. Interestingly, the expression of CRABP-II is 
associated with cells that synthesize relatively large amounts of 
retinoic acid [92,112,113], suggesting that cells with an increased 
physiological requirement for retinoic acid require up-regulation 
of both the synthesis of the hormone and the level of expression 
of CRABP-II, allowing for efficient and rapid delivery of retinoic 
acid to the RAR. 


Ocular retinold-binding proteins 


Quantitatively, the main user of vitamin À in the body 1s the eye, 
where the vitamin's metabolite ll-cis-retinal serves as the 
chromophore for the visual pigment rhodopsin. Scheme 2 depicts 
the major steps in the visual cycle through which 11-cis-retinal is 
produced in the eye, provided for regeneration of visual pigments, 
and replenished following bleaching of rhodopsin that occurs 
upon light absorption (for a detailed review of the visual cycle, 
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Scheme 2 Proposed involvement of retinoid-binding proteins in the visual cycle 


all-trans-Retinol enters the eye from blood via retinal pigment epithelium cells, where it is esterified to ali-frans-retinyl esters by LRAT. An isomerization activity, catalysed by isomerohydrolase [or, 
perhaps, by sequential catalysis by retinyl ester hydrolase REH and ali- frans-retino! isomerase], leads to the formation of 11-c/sretinol. 11-cís-Retino! may either be esterified to form 11-c/s-retiny! 
esters and stored, or oxidized by 11-cvs-retinol dehydrogenase (11cROLDH) to the visual chromophore 11-c/s-retinal. 11-cis-Retinal exits the pigment epithelium, and moves across the IPM to 
photoreceptor cells, where it binds to opsin to form the visuai pigment rhodopsin. Light absorption by rhodopsin results in isomerization of rhodopsin-bound 11-cvs-retinal, initiating visual signalling. 
all-frans-Retinal thus formed is enzymically reduced to all-/rans-retinoi. all-Irans-Retinol! is then transported back to retinal pigment epithelium for re-isomerization and re-oxidation. Similar to its 
role in the liver, CRBP-i was reported to deliver all-trans-retinoi to LRAT of the retinal pigment epithelium, Due to its high affinity for 11-cis-retinol, CRALBP enables the all-/rans- to 11-c/s- isomerization 
teaction to occur. CRALBP also enhances the 11-c/s-ROLDH reaction. This effect is likely to stem from direct interactions between CRALBP and 11-cís-ROLDH. Transport of 11-císretinal and ali- 
frans-retinal across the IPM is mediated by IRBP. Retinoid-hinding proteins are shown in red; enzymic activities are shown in blue. See text for references. 


see [1D. all-trans-Retinol, the circulating form of vitamin A, 
enters the eye via the retinal pigment epithelium, where it is 
esterified to all-trans-retinyl esters. It is generally believed that 
these esters serve as a substrate for an isomerohydrolase that 
couples cleavage of the ester bond to isomerization across the 
retinoid 11-12 double bond, generating 11-cís-retinol [114]. 
Although the details of this model have been questioned by more 
recent observations [115], it is clear that isomerization occurs at 
the level of retinol, resulting in the generation of 11-cis-retinol. 
This compound may then be either esterified with long-chain 
fatty acids to form 11-cis-retinyl esters [116,117] or oxidized to 
the visual chromophore 11-cis-retinal [118]. As light sensing and 
subsequent visual transduction take place not in retinal pigment 
epithelium but in the outer segments of photoreceptor cells 
(where rhodopsin is embedded in intracellular membranous 
discs), regeneration of active visual pigments requires a con- 
tinuous flux of [1-cis-retinal from pigment epithelium to photo- 
receptor cells. Within the photoreceptors, 11-cis-retinal binds to 
opsin to form active rhodopsin. Following absorption of light by 
rhodopsin, the visual chromophore is isomerized to all-trans- 
retinal, which is then enzymically reduced to all-trans-retinol. As 
photoreceptor cells do not contain the enzymic machinery 
necessary for regenerating 11-cis-retinal from the parent mol- 
ecule, all-trans-retinol is transported back to the pigment epi- 
thelium for re-isomerization and oxidation. Thus the visual cycle 


critically includes continuous shuttling of retinoids between 
photoreceptor and pigment epithelium cells via the aqueous 
space of the interphotoreceptor matrix which separates the two 
cell types. 

RBP, CRBP and CRABP are likely to play similar roles in the 
eye to those that they fulfil in other tissues. For example, retinol 
bound to CRBP-I was shown to be an efficient substrate for 
retinal pigment epithelium LRAT [119]. In addition to these 
proteins, the eye contains two unique retinoid-binding proteins. 
These proteins, CRALBP and IRBP, appear to have specific 
functions in the visual cycle. 


Functions of CRALBP 


A retinoid-binding protein that displays a high selectivity towards 
| 1-cis-retinoids has been identified in retinal pigment epithelium 
and in the neural retina in the eye, and was termed CRALBP 
[120,121]. The unique role that [1-cis-retinoids play in vision, 
and the location of CRALBP in the retina, immediately suggested 
that this protein may be involved in the visual process. Indeed, 
mutations in the human CRALBP gene can result in recessive 
retinitis pigmentosa [122]. Interestingly, in addition to its presence 
in the retinal pigment epithelium and neural retina, CRALBP is 
also found in the pineal gland [123], cihary body [124], cornea 
[125], optic nerve and brain [126]. It was reported that CRALBP 
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isolated from bovine brain, unlike CRALBP derived from the 
retina, is not associated with any endogenous retinoids [126]. 
Hence this protein may have other, as yet uncharacterized, 
functions that are unrelated to the visual process or to its 
retinoid-binding capabilities [1]. Available information implicates 
CRALBP in two separate functions in supporting the visual 
cycle. 


Isomerization of all-trans-retinoids to 11-c/s-retinolds 


The process by which 11-c1s-retinoids are generated in retinal 
pigment epithelium is not completely understood at present. 
Possible mechanisms include coupling the hydrolysis of all-trans- 
retinyl esters to isomerization, yielding 11-cis-retinol [114], or the 
presence of an enzyme that catalyses the direct isomerization of 
all-trans- to 11-cis-retinol [115]. It was recently shown that the 
formation of 11-cis-retinol by isolated retinal pigment epithelium 
microsomal membranes critically requires the presence of 
CRALBP [115,127]. It was proposed that CRALBP acts by 
sequestering 11-cis-retinol, thereby driving the energetically un- 
favourable isomerization reaction by mass action [115]. Alterna- 
tively, it was reported that the isomerase is subject to an end- 
product inhibition by 11-cis-retinol, suggesting that CRALBP 
facilitates the 1somerization reaction by binding the product, 
thereby relieving the inhibition [127]. It was shown further that 
BSA, a ‘non-specific’ retinoid-binding protein, can also facilitate 
the isomerization reaction, albeit at a much higher concentration 
than the concentration at which CRALBP displays a similar 
effect [127]. Hence the ability of CRALBP to enable retinol 
isomerization in the retinal pigment epithelium does not appear 
to originate from specific interactions between the binding protein 
and the enzyme, but to stem from the strong binding affinity of 
the protein for 11-cis-retinol. 


Regulation of the metabolic fate of 11-c/s-retinol 


11-cis-Retinol, generated in the retinal pigment epithelium, is at 
a metabolic branch point and can be acted upon either by 
LRAT, which catalyses its esterification to 11-cis-retinyl esters, 
or by 11-cis-retinol dehydrogenase, which converts it into 11-cis- 
retinal (Scheme 2). It has been demonstrated that CRALBP 
governs the partitioning of 11-cis-retinol between these alterna- 
tive metabolic pathways. Hence it was reported that esterification 
of 11-cis-retinol is inhibited, while oxidation of this compound is 
stimulated, in the presence of CRALBP. The latter effect was 
shown to be specific to CRALBP and was not manifested when 
the substrate was presented bound to serum albumin [128]. The 
inhibition of the LRAT reaction by CRALBP can be readily 
explained by considering that introduction of a binding protein 
with a high affinity for ll-cís-retinol into reaction mixtures 
decreases the concentration of free substrate available to the 
enzyme. The molecular mechanism underlying the ability of 
CRALBP to stimulate the enzymic oxidation of 11-cis-retinol to 
| 1-cis-retinal has not been clarified as yet, but is likely to involve 
protein-protein interactions between CRALBP and 1 1-cis-retinol 
dehydrogenase, resulting either 1n ‘channelling’ of the substrate 
to the enzyme or in allosteric activation of the enzyme by the 
binding protein [128]. 


Functions of IRBP 


The regeneration of visual pigments ın photoreceptor outer 
segments relies on the supply of 11-cis-retinal from the pigment 
epithelium; in turn, the maintenance of an adequate pool of 11- 
cis-retinal depends on rapid movement of all-trans-retinol, which 
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is generated in photoreceptors following bleaching of rhodopsin, 
back to the retinal pigment epithelium, where it can be re- 
isomerized and re-oxidized (Scheme 2). The question thus arises: 
how do retinoids, compounds that are poorly soluble in water, 
move across the interphotoreceptor matrix (IPM) at rates that 
are sufficient for sustaining visual function under light 
conditions? 

The main soluble protein component of the IPM is IRBP, an 
~ 140 kDa glycoprotein which 1s synthesized in photoreceptors 
and secreted into the IPM, where it binds two classes of ligands: 
retinoids and long-chain fatty acids. It has been repeatedly 
suggested that IRBP serves as a carrier for retinoids between 
photoreceptor and retinal pigment epithelium cells (reviewed in 
[129]). Such a function for IRBP is implied by the observations 
that the composition of retinoids that are endogenously 
associated with the protein is modulated by light [130], and that 
binding of retinoids to IRBP stabilizes them against degradation 
[131,132]. It was also reported that IRBP can take up 11-cis- 
retinal from the retinal pigment epithelium and efficiently deliver 
this chromophore to rod outer segments [133-135]. However, the 
exact role of IRBP in the transport process remains to be 
clarified. Theoretically, IRBP could serve simply as a storage 
compartment for retinoids in the IPM with the ability to bind 
and release these ligands according to their concentration grad- 
ients. Alternatively, the protein could function to specifically 
target particular retinoids to certain locations in the eye, i.e. to 
deliver 11-cis-retinal to photoreceptors and to transport all- 
trans-retinol to the retinal pigment epithelium. The latter possi- 
bility would require the existence of a mechanism that enables 
IRBP to 'sense' different locations within the IPM. 

A potential mechanism that may allow IRBP to target 11-cis- 
retinal to photoreceptor cells has been suggested [22]. IRBP 
contains three retinoid-binding sites, as well as one or two sites 
for long-chain fatty acids. One of the retinoid sites can ac- 
commodate either all-trans-retinol or 11-cis-retinal [23]. The two 
additional sites appear to be selective towards all-trans-retinol 
and 11-cis-retinal respectively ([22]; and N. Shaw and N. Noy, 
unpublished work). It was reported that the long-chain poly- 
unsaturated fatty acid docosahexaenoic acid (DHA), but not 
more saturated fatty acids, inhibits the ability of IRBP tó bind a 
second molecule of li-cis-retinal. It was further shown that, 
while DHA facilitates the rate of dissociation of 11-cis-retinal 
from the regulatory site by about an order of magnitude, the 
fatty acid has little effect on binding of either all-trans-retinol or 
11-cis-retinal in the remaining IRBP retinoid-binding sites [22]. 
DHA is highly enriched in photoreceptor cells, where it comprises 
approx. 50% of the acyl chains of phospholipids and, corre- 
spondingly, of non-esterified fatty acids [22,136]. Based on the 
specific effect of DHA on the interactions of IRBP with 11-cis- 
retinal, and considering the concentration gradient of this fatty 
acid across the IPM, it was suggested that DHA may serve as the 
‘switch’ that allows IRBP to distinguish between different regions 
of the IPM, and which triggers the release of 11-cis-retinal at the 
correct location. As summarized in Figure 5, this model proposes 
that while IR BP is in the vicinity of the retinal pigment epithelium, 
where the concentration of DHA is low, it will possess a high 
affinity for 11-c1s-retinal and associate with it. Movement of the 
protein to the vicinity of photoreceptor cells will expose it to high 
levels of DHA, resulting in rapid release of 11-cis-retinal from 
the regulated binding site at this location [22]. 

Despite the body of evidence indicating that IRBP is likely to 
function 1n mediating the transport of retinoids across the IPM, 
it should be noted that 1t was recently reported that disruption of 
the IRBP gene in mice does not result in significant decreases in 
the rates of either the recovery of 11-cis-retinal or the regeneration 
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Figure 5 Model for targeting of retinoids by IRBP 


The model is based on the findings that: (1) binding of the long chain fatty acid DHA to IRBP switches one of the protein's 11-cis-retinal (11-cis-RAL) binding sites from a state of a high affinity 
to a state of low affinity for this ligand, and (2) DHA is highly enriched in photoreceptor cells, resulting in a steep concentration gradient of this fatty acid across IPM. It has been proposed 
that, because the region of the IPM that is close to the retinal pigment epithelium (RPE) is relatively poor in DHA, IRBP possesses a high affinity for 11-cis-retinal at this location. Movement 
of IRBP, loaded with 11-cis-retinal, to the vicinity of photoreceptor cells exposes the protein to a high concentration of DHA. Binding of DHA to IRBP results in the release of 11-cis-retinal close 


to the photoreceptor surface. ROS, rod outer segment. 


of rhodopsin following light exposure [137]. Nevertheless, the 
IRBP-deficient mice displayed progressive photoreceptor de- 
generation. These observations implicate IRBP in serving a role 
in photoreceptor survival, but question whether it is essential for 
a normal rate of visual pigment regeneration [137]. Hence the 
complete spectrum of the biological functions of IRBP remains 
ambiguous. 


CONCLUSIONS AND PERSPECTIVES 


Vitamin A metabolites are essential for numerous biological 
processes. They are critical for vision, play important roles in 
regulating proliferation and differentiation in both fetal and 
adult tissues, and have been implicated in modulating immune 
function. Retinoids are found in vivo primarily bound to various 
retinoid-binding proteins which utilize diverse mechanisms to 
modulate the biological activities of their cognate ligands (Table 


2). Some retinoid-binding proteins govern the concentrations of 


retinoids in plasma and in cells, as well as the direction and 
magnitude of fluxes through which retinoids move between 
extra- and intra-cellular compartments. Other retinoid-binding 
proteins appear to act by specifically delivering their ligands to 
particular targets, such as enzymes or transcription factors. 
Kinetic evidence suggests that these activities are likely to be 
mediated by direct protein-protein interactions between the 


binding protein and the target, resulting in ‘channelling’ of 


retinoids to the appropriate metabolic pathway or activity site. 
However, no molecular-level information on the interactions of 
retinoid-binding proteins with putative targets has been put 
forward to date. Progress on this important issue has long been 
hampered by the lack of availability of retinoid-metabolizing 
enzymes in pure forms, and hence most of the current information 
is based on work with crude cellular fractions. Recently the genes 
for LRAT [138] and for several isoforms of retinol and retinal 
dehydrogenases [139-147] have been cloned. The availability of 
these proteins should allow for better clarification of the mecha- 
nisms of action of specific retinoid-binding proteins. 

Another issue on which virtually no information is currently 
available relates to the involvement of retinoid-binding proteins 
in modulating the transport, metabolism and action of bioactive 
isomers and metabolites of retinoids, such as 9-cis-, 13-cis- and 
4-oxo-retinoids. Future goals also include delineating the 
structures and obtaining a better understanding of the functions 
of the less well characterized retinoid-binding proteins IRBP and 
CRALBP. Particularly intriguing in regard to the latter are the 
observations that CRALBP is present in areas in the brain that 
have no known function for the ligands of this protein, i.e. 11-cis- 
retinoids. Studies of retinoid-binding proteins in cultured cells 
and analyses of transgenic and null animal models for specific 
retinoid-binding proteins are expected to continue to allow for 
testing predictions derived from in vitro studies, and to provide 
additional insights into the roles that retinoid binding proteins 
play in different physiological states. 
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Tabie 2 Proposed functions of retinold-binding proteins 


See text for references Abbreviations ROLDH, retinol dehydrogenase; RALDH, retinal dehydrogenase, RPE, retinal pigment epithelium; 11cROLDH, 11-cxsretinol dehydrogenase 


Protein Proposed funchon 
RBP Enable secrebon of retinol from the lmer 
Carry retinol in blood 
CRBP-| Draw retina! from blood into cells 
Solubilze retinol and retinal, protect cells from membranotytic retinoid action 
Holo-CRBP-| direct retinol to esterification by LRAT 
Apo-CRBP-1. inhibit retino! esterification 
Apo-CRBP-I. stimutate retiny! ester hydrolysis 
Direct retinol and retinal to specific dehydrogenases 
CRBP-Ii Direct retinal to reduction by microsomal enzymes 
Block re-oxadation of retinol to retinal 
Direct retinol to esterificabon by LRAT 
CRABP-| Enhance conversion of retinoic acid into polar metabolites 
CRABP-|! ‘Channel’ retinoic acid to RAR 
CRALBP Enable isomertation of all-frans-retinol to 11-cus-retinol 
Enhance oxidation of 11-cs-retinol to 11-cxsretinal 
IRBP Transport retinokis across the IPM 


Maintain photoreceptor integrity 


Target (proposed mechanism) Physiological role 


Only holo-RBP ts recognized by the secretion Maintenance of plasma retino! homosostasis 
machinery in Golgi {7} 


(Shift of the intra/extracellular equillbnum of Increase of intracellular retinol pools, 


retinol) regulation of vitamin A storage, perhaps 
involvement in regulating retinoic acid 
synthesis 
(Sequestration) 


LRAT (direct interachons) 

LRAT (direct interaction) 

Retinyl ester hydrolase (product 
sequestrabon ? direct interactions 7) 

ROLDH/RALDH (direct interactions) 


Microsoma! retinal reductase (direct 
interactions) 


Regulation of mmal processing and production 
of retiny! esters from dietary vitamin A in 
the intestine 

(Sequestration of retinol) 

LRAT (direct Interacbons) 


CYP26 family members (direct interactions) ^  Moderabon of cellular response to retinoic 


acid 


Enhancement of cellular response to retinoic 
acid 


Control of generabon of 11-crs-retinal in RPE 


RAR (direct interactions) 


(Sequestration of 11-crs-retinol) 
11cROLDH (direct interactions) 


Regeneration of rhodopsin 
? 





| am grateful to Gregory Hoffman for generating the pictures presented in Figures 2 
and 3 Work from the author's laboratory is funded by grants from the National 
Institute of Health (CA68150 and EY09296). 
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Evidence continues to accumulate that aneuploidy, an imbalance 
in the number of chromosomes, 1s responsible for the charac- 
teristic phenotypes of cancer, including the abnormal cellular 
size and morphology of cancer cells, the appearance of tumour- 
associated antigens, as well as the high levels of membrane- 
bound and secreted proteins responsible for invasiveness and loss 
of contact inhibition. Aneuploidy has also been demonstrated to 
be the self-perpetuating source of the karyotypic instabihty of 
cancer cells. Here it is shown that the auto-catalysed progression 
of aneuploidy explains the kinetics of the finite lifetime of diploid 
cells in culture, the time course of the appearance of papillomas 


INTRODUCTION 


Recently, we have provided experimental and theoretical evidence 
[1-4] supporting Theodor Boven’s proposal that aneuploidy, an 
imbalance in the number of chromosomes, 1s the underlying 
cause of cancer [5]. Aneuploidy provides a simple and coherent 
explanation for the fundamental phenotypes of cancer cells, 
independent of gene mutation. Accordingly, the abnormal cellu- 
lar size and morphology of cancer cells [6], the appearance of 
tumour-associated antigens [7,8], the high levels of membrane- 
bound and secreted proteins [9] responsible for invasiveness 
and loss of contact inhibition, and even the daunting genetic 
instability [10,11] that enables cancer cells to evade chemotherapy 
are all the natural consequence of the massive over- and under- 
expression of proteins due to aneuploidy [1—3]. 

Using Metabolic Control Analysis we were able to demonstrate 
how the fraction of the genome undergoing differential ex- 
pression, rather than the magnitude of the differential expression, 
controls phenotypic transformation [3]. In order to transform 
the robust normal phenotype into cancer the expression of 
thousands of normal gene products must be increased by an 
average of 2-fold [3]. The results showed that alterations in a 
handful of 'gatekeeper' or 'caretaker' genes [12,13] are in- 
sufficient for the generation of cancer-specific phenotypes, since 
their numbers are too few to alter the normal phenotype. Indeed, 
not one mutant cellular gene, nor even a group of mutants, has 
ever been shown to transform a normal human or animal cell 
into a cancer cell [14—18]. 

We were also able to show that aneuploidy is the self- 
perpetuating source of the genetic instability of cancer cells 
[1,3,4]. Aneuploid cells are trapped in an endless cycle of 
rearranging the genome to produce the most economical pro- 
duction of translation products at the expense of chromosomal 
balance. The mitotic division of an aneuploid cellis an experiment 
inevolution that results in the random shuffling and redistribution 
of the genome. The generations of offspring of aneuploid cells 
are unlikely to ever have identical genetic compositions [3,19,20]. 


and carcinomas in benzo[a]pyrene-treated mice, and the age- 
dependence of human cancers. Modelling studies indicate that 
the ease of spontaneous transformation of mouse cells in culture 
may be due to a chaotic progression of aneuploidy. Conversely, 
the strong preference towards senescence and resistance to 
transformation of human cells in culture may be the result of a 
non-chaotic progression of aneuploidy. Finally, a method is 
proposed for quantifying the aneuploidogenic potencies of 
carcinogens. 


Key words: carcinogenesis, dynamics, metabolic control analysis. 


It is this intrinsic genetic instability of aneuploid cells that fuels 
the progression to malignancy of cancer cells. 

Since a loss of gene dose is more deleterious than a gain 
[3,21—24], hyperploid cells have a survival advantage over their 
hypoploid siblings. The survival advantage of hyperploid cells, 
coupled with the inherent genetic instability of aneuploid 
cells, fuels the auto-catalysed progression to DNA indices 
between 1.5 and 2 that are found in most malignant cancers 
[25]. 

Here I analyse the time course of the auto-catalysed pro- 
gression of aneuploidy from its known experimental and un- 
known spontaneous origins. The results show that the finite in 
vitro lifetime of human diploid cell strains [26,27], the kinetics of 
tumour formation in benzo[a]pyrene-treated mice [28,29] and the 
age distribution of human cancers [30] can all be explained by 
the auto-catalysed progression of aneuploidy during cell division. 


THE HAYFLICK LIMIT OF MICE AND MEN 


Due to the work of Hayflick [26,27], the finite lifetime of 
diploid cells.in culture has become commonly known as the 
Hayflick limit. After a period of active multiplication, generally 
less than one year (approx. 50 cell divisions), primary human 
fetal cells 1n culture demonstrate an increased generation time, 
gradual cessation of mitotic activity, accumulation of cellular 
debris and, ultimately, total degeneration [27]. Only during the 
degenerative phase (phase III) in cell culture do primary cells lose 
contact inhibition and become obviously aneuploid [26,27,31]. In 
contrast to primary, diploid, cells derived from an animal or 
humans, cell lines (immortal ‘cells) are a heterogeneous mix of 
heteroploid cells. 

According to Levan and Biesele [19], the very first mitoses of 
mouse cells in vitro show chromosomal irregularities. À zero level 
of numerical and structural chromosomal abnormalities ‘... is 
possible only with cells in situ, and that as soon as they are 
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Scheme 1 Kinetic model of an auto-catalysed process 


explanted they start mutating... The genetic diversity thus 
induced in the tissue culture will increase steadily as new 
aberrations are continuously released by the mitotic mutation 
process. This situation prevails either until the tissue culture 
fades out or until some truly superior cells happen to appear...’ 
[19]. 

In the spirit of Levan and Biesele I propose that the auto- 
catalysed progression of aneuploidy explains the observed time 
course of the Hayflick limit, including differences in spontaneous 
rates of transformation. The simplest kinetic model of an auto- 
catalysed process is shown in Scheme 1. It is important to point 
out that Scheme 1 represents an auto-catalysed process, not an 
auto-catalysed chemical reaction, which would be written as 
A--B—2B [32]. D and $ do not represent chemical species 
undergoing a chemical reaction and, therefore, do not imply 
stoichiometry. D is the diploid fraction and ¢ is the aneuploid 
fraction of an aneuploid cell. D and ¢ can also represent the 
average diploid and aneuploid fractions, respectively, of a 
population of cells. 

Following an event that produces the initial aneuploidy (.e. 
produces ¢ > 0), the values of D and ¢ tend to change with each 
mitotic division. We have previously shown that the aneuploid 
fraction, ¢, 18 equivalent to the flux control coefficient of 
Metabolic Control Analysis and 1s a measure of the extent to 
which a given aneuploid segment of the genome controls pheno- 
typic transformation (see Appendix A of [3]. 

The rate equation for the increase in the aneuploid fraction, ¢, 
in Scheme 1 is given by eqn. (1). Since ¢ appears on both sides 
of Scheme 1, the growth of the aneuploid fraction, ø, 1s auto- 
catalysed. In other words, the greater the level of aneuploidy, the 
faster the growth of the aneuploid fraction ¢. The constant k in 
Scheme 1 is a measure of the growth-rate of the aneuploid 
fraction ¢ 


d$ 
— = kóD 1 

X ke (1) 
Since the sum of the diploid fraction, D, and the aneuploid 
fraction, ó, always equals 1, the diploid fraction can be expressed 
in terms of ¢, 1e. D=1—¢. Making this substution for D in 


eqn. (1) gives eqn. (2). 
d$ 


— = kó(1— 2 
x kd) D 
Integratıng eqn. (2) yields egn. (3), which gives the aneuploid 
fraction, d, as a function of time. 


$= G) 
e "| ——1j-l 
Q 

The constant ¢, is the initial aneuploid fraction of an individual 
cell, or the average for a population of cells, at tume zero, the time 
when aneuploidy 1s initiated (e.g. by a carcinogen or cell 
culturing). The rate constant k has units cell-cycle"! when 1 is in 
cell-cycles. Since d, ranges from 0 to 1 (i.e. 0-100%), eqn. (3) 
gives the time course for the progression of aneuploidy, and thus 
the time course of any phenotypic change that depends on it. 


© 2000 Biochemical Society 


Ke0.15 cell cycle”! 


cell count 
) $53.61 0-4 


{x10 


/ 
futons En / 





cell cycles 


Figure 1  Hayilick limit due to auto-catalysed growth of aneuploidy 


Hayflick limit of 63 cell drisions for the human call strain WI-44 The sold line is the best- 
ft curve of eqn, (4) to the serial passaging data from Agure 3 of Hayflick [27]. The broken 
line represents the auto-calalysed progression of the aneuploid fraction, d, for the same data 
using eqn (3) 


With the growth of aneuploidy there is a corresponding 
reduction in the diploid fraction, and hence a reduction in the 
number of dividing cells since aneuploid cells are less viable than 
diploid cells [3,21—24]. If we assume that cell proliferation is due 
primarily to diploid cells, then the number of non-transformed 
dividing cells in culture at time ¢ is proportional to the diploid 
fraction D, Using the relationship D, = 1—¢, and the value of ¢, 
in eqn. (3), one can derive eqn. (4), which shows that the number 
of dividing cells (N,) remaining during serial passaging is equal to 
the number of cells at time zero (N,) times the diploid fraction at 
time ¢ [i.e. N, = NV, —4¢,)]. 

N, =N, 1- i : (4) 
e*|——1]+1 
D 
Figure 1 (solid line) shows that eqn. (4) fits the data from 
Hayflick’s Figure 3 for the serial passaging of the human cell 
strain WI-44 [27]. The sharp decline in the cell count at around 
43 passages (beginning of the degenerative phase IIT) 1s murrored 
by the steep growth in the aneuploid fraction, ¢ (Figure 1, 
broken line). 

The calculated value ø, = 0.0004 (Figure 1) indicates that the 
average aneuploid fraction at the beginning of the exponential 
phase (phase II) of cell culture was 0.04%. However, this mitral 
aneuploid fraction is only an estimate since it does not take into 
account that some aneuploid cells will be viable and divide, albeit 
at a reduced level. The initial aneuploidy in the WI-44 cells was 
almost certainly caused by the culturing process itself, especially 
the mechanical and enzymic treatments used to promote pro- 
liferation im vitro [19,26,27]. 

In contrast to cultured cells, the extra copy of chromosome 21 
in Down's syndrome individuals is present at fertilization. 
Trisomy of chromosome 21 represents an aneuploid fraction ¢ 
— 0.018 for each cell [3,22,33], which is substantially larger than 
the initial average value in Figure 1 for normal human explants. 
As a consequence, one would predict that the Hayflick limit of 
Down's syndrome cells in culture should be significantly shorter 
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Figure 2  Chaotic growth of aneuplokty drives transformation 


The logistic equation, eqn (5), was used to model the auto-catalysed progression of aneuploidy 
for primary human (a) and mouse (b) fetal cells in culture The control parameter r= 1 35 and 
the initla! average aneuploid frachon d, = 1075 (see text for derivaton) were used in eqn (5) 
to model the 50 cal! cycle Hayflick limit for primary human fetal cells (a) The circles represent 
the average aneuploid fraction, d, for the population of cells at each cell cycle, In panel (B) the 
same d, was used for the mouse fetal celis (ses text) Although values of r> 1.5 are 
completely unrealistic for modelling the Hayflick Imit of human calls, we could use values of 
the control parameter greater than 3 57 to model mouse cells. A control parameter greater than 
3 57 for the logistic equahon [eqn (5)] produces chaotic growth patterns [39] Therefore, the 
value r = 37 produces a chaotic progression of the aneuploid fraction, œ, for ail celi divisions 
beyond approx 12 cycles (b) While the aneuploid human cells will probably die out before they 
can be transformed into an immortal cell line, because so little ganome space is being explored, 
the chaotic redistribution of the mouss genome provides a greater opportunity for the cells to 
hit upon a genetic combination that leads to transformation and immortalizabon (c) Shows that 
when the transforming genome in panel (b) (arrow) is cloned, its Intrinsic karyotypic instability 
Immediately leads to a heterogeneous populabon of heteroploid offspring 


than normal cells. A perusal of the literature shows that this 
prediction is correct. Schneider and Epstein reported in 1972 
that, ‘...Skin fibroblasts derived from patients with Down’s 
syndrome (trisomy-21) have a significantly decreased number of 
cumulative cell population doublings ... measured from the initial 
passage to senescence when compared with cultures from karyo- 
typically normal age-matched controls...’ [34]. The Hayflick 
limit they measured for the Down’s syndrome cells was 20% 
shorter than for normal cells, which represents an approximate 
2000-fold reduction in the exponential process of cell doubling. 

Recently, Mukherjee and Costello used fluorescence in situ 
hybridization to study the progression of aneuploidy in cultured 
fibroblasts from patients with three premature aging syndromes: 
Cockayne, Hutchinson—Gilford, and Werner [35]. ‘...[T]he inter- 
phase aneuploidy levels of all chromosomes under study were 
significantly higher in cells from the syndromes as compared to 
those of the normal controls at both earlier and later passages. In 
general, the interphase aneuploidy levels of each of the chro- 
mosomes in both the control and experimental cell cultures 
increased with in vitro proliferation and aging, although to a 
much lesser extent in the controls...’ [35]. 

The meticulous studies of Hayflick indicated that, ‘... the finite 
lifetime of ... diploid cell strains is an innate characteristic of the 
cells ...' [26,27]. Furthermore, he argued that, ‘.. Cells which 
can be cultivated indefinitely in vitro (heteroploid cell lines) can 
only be compared with continuously cultivable cells in vivo, i.e., 
transplantable tumors. Likewise, diploid cells having a finite 
lifetime in vitro can only be compared with normal cells in vivo, 
i.e., normal somatic cells...’ [27]. Hence, the transformation of 
mortal (diploid) cells in culture into immortal (aneuploid) cell 
lines ‘can be regarded as oncogenesis in vitro...’ [27]. 

Transformation of cells in culture can also be viewed as 
evolution m vitro. Explanted cells are forced to evolve into viable 
single cell organisms in the laboratory or perish. Most cultured 
human cells stop dividing after entering phase IM (the de- 
generative phase) and only rarely undergo spontaneous trans- 
formation into immortal (aneuploid) cell lines [27]. In contrast, 
cultured primary rodent cells frequently undergo spontaneous 
transformation to become immortal cell lines [19,36]. The 70% 
shorter Hayflick limit (14 cell divisions) may be a clue as to why 
primary mouse fetal cells spontaneously transform into immortal 
cell lines much more readily than human cells [36]. 

The auto-catalysed genetic instability inherent in aneuploid 
cells, coupled with the chromosomal heterogeneity of cancer cells, 
suggests that an underlying chaotic process may be involved 
in the mitotic division of some aneuploid cells [37]. With this 
possibility in mind, I suspected that primary mouse cells in 
culture experience a more chaotic progression of aneuploidy 
than human cells. A chaotic redistribution of the genome would 
provide a greater opportunity for aneuploid cells to hit upon a 
genetic combination that would lead to immortalization and 
transformation. 

While eqn. (2) gives the continuous rate of change of the 
aneuploid fraction, ¢, as a function of the instantaneous value of 
$, the actual change in DNA content of an aneuploid cell 1s a 
discrete process that takes place at each cell division. Alter- 
natively, then, the growth of the aneuploid fraction, ¢, of Scheme 
1 can be modelled by eqn. (5), a form of the logistic rate equation 
that is known to reveal certain chaotic processes [37—39]. 


$41) = ré, (1—9,) (5) 


The right side of eqn. (5) is formally identical with eqn. (2). 
However, the left side of eqn. (5) replaces the instantaneous 
change in $ with a discrete value of the aneuploid fraction for 
each cell division. Eqn. (5) shows that the average aneuploid 
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Figure 3 DNA index of cancer calls Is due to chaotic growth of anaupioldy 


Using the relabonsh!p DNA index = 1+ @ (see text for details) and the value n = 1000 cell cycles, eqn (5) was used to model the distnbution of DNA indices for various values of the control 
parameter r In order to capture the long-term average behaviour in the distribution of DNA indices, we used only call divisions 501-1000 The DNA indices were divided into 10 equal sampling 
bins centred at DNA index = 1 05, 115, 125, ete There were fve sampling windows comprising 100 cell divisions each (eg 501-600, 601—700, etc) For each of the five sampling windows, 
the number af ümes a value of DNA index fell into a bin was counted (a) A simple distribution of DNA indices for a non-chaolic value of r (b) Show that in the chaotic region there is an 
Increasing number of calls with a wider spectrum of DNA Indices. (c and d) Show the DNA indices clustering around a value of 1 75, which compares with DNA Indices of 1 7 for cervical cancer 


[44], 1 7—1 8 for breast cancer [45,46] and 1.6 for liver cancer [47] 


fraction of a population of cells at the n+1 cell division is 
determined by the average level of aneuploidy at the nth cell 
division. The control parameter, r, in eqn. (5) is unitless and is 
different from the rate constant, k, in eqns. (2) and (3). Since 4, 
ranges from 0 to 1 (i.e. 0-100 95), eqn. (5) models the discrete 
growth, including chaotic, of any phenotypic change that depends 
on the progression of aneuploidy. 

Since the non-disjunction frequency of mammalian cells ín situ 
is estimated to be 107* to 1075 per chromosome [40], and since 
there are 23 and 22 chromosome pairs in normal human and 
mouse cells, respectively, then the initial aneuploid fraction, ¢,, 
for the explanted cells ıs no larger than approximately 107? [i.e. 
10 */(22—23) = 107*] Therefore ¢, = 1075 was used ın eqn. (5) to 
model the auto-catalysed progression of aneuploidy for human 
and mouse primary fetal cells in culture (Figure 2). 

Several values of the control parameter, r, were tested before 
finding the value of 1.35 (Figure 2a) that reproduces the 35 cell- 
divisions of phase II and the sigmoidal growth of the aneuploid 
fraction, ¢, of Figure 1 for human cells. Values of the control 
parameter, r, greater than 1.5 were completely unrealistic since 
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they resulted in phase III starting at approx. 10 cell divisions for 
the human cells. 

In contrast to the human celis, the control parameter, r, had to 
be increased to at least a value of 2.5 in order to model the 
Hayflick limit of approx. 14 cell-cycles for primary mouse fetal 
cells. But what is more interesting, a value of the control 
parameter greater than 3.57 worked just as well. A value of r > 
3.57 for the logistic equation [eqn. (5)] results ın chaotic growth 
patterns [39]. Thus the value r = 3.7 in Figure 2b produces a 
chaotic progression of the aneuploid fraction, ¢, for all cell 
divisions beyond approx. 12 cycles (Figure 2b). 

Figures 2(a) and 2(b) fail to take into account the fact that 
almost all of the aneuploid cells would lose the gene-shuffling 
lottery and not become transformed into an immortalized cell 
line. However, if a transforming genome did happen to appear, 
for example the hypothetical one circled in Figure 2(b), and was 
cloned, it would generate from the very first cell division a 
heterogeneous population of heteroploid offspring as shown in 
Figure 2(c). Figure 2(c) models exactly the well-known karyotypic 
instability of cloned transformed cells [1,27,41]. As Hayflick and 


Moorhead have said, ‘-The use of cloning as a means of 
reducing ... variability in heteroploid cell lines is unfortunately 
limited by the rapid re-emergence of a range of chromosomal 
types among the progeny of a clone...'[26]. In fact, ‘... each 
subpopulation can regenerate the entire range of subpopulations 
...' Of a heteroploid population of cells [42]. 

The results of Figure 2 show that it is possible to model 
the hypothesis that the transformation-prone mouse cells can 
exhibit a substantially more chaotic pattern of aneuploidy than 
the transformation-resistant primary human cells in culture. If the 
results of Figure 2 reflect reality, an interesting question presents 
itself. What are the biochemical, genetic, or other factors 
responsible for the dramatically different values of the control 
parameter, r, that lead to the non-chaotic growth of aneuploidy 
in human cells on the one hand, and a chaotic progression of 
aneuploidy in mouse cells on the other? At present we don't 
know. What is known is that carcinogens initiate aneuploidy and 
also greatly accelerate its growth [1,2]. 


THE DNA INDEX OF CANCER CELLS 


As discussed above, the DNA index of a population of aneuploid 
cells tends to increase with each cell division until reaching 
steady-state values between 1.5 and 2 typical of late-stage cancer 
[43]. Recently, we have shown that the DNA index = 1—¢+-7¢, 
where v is the segmental ploidy factor (e.g. m = 1.5 for trisomy) 
[3]. While there is a limitless number of m values, we have 
previously shown that z = 2 is the most economical, hence likely, 
value of the ploidy factor in cellular transformation [3]. Making 
this substitution for 7 gives a DNA index = 1 +ø. Exploiting this 
simple relationship between the DNA index and the aneuploid 
fraction, d, eqn. (5) can be used to explore the chaotic growth of 
the DNA index of dividing cells. 

Figure 3 shows a series of histograms for the relative abundance 
of aneuploid cells compared with DNA index for different 
values of the control parameter r. The most striking feature of 
Figure 3 is the clustering of cells around certain values of DNA 
index and the pronounced bias for most cells having hypertriploid 
to hypotetraploid DNA indices reminiscent of human cancer 
[43]. Particularly noteworthy is the clustering of cells around a 
DNA index of 1.75 in Figures 3(c) and 3(d). This value compares 
with DNA indices of 1.7 for cervical cancer [44], 1.7-1.8 for 
breast cancer [45,46] and 1.6 for liver cancer [47]. 

Figure 3(a) shows three populations of cells for r = 3.55,.a 
value of the control parameter just below the chaotic region. 
Two groups of cells are near triploid (DNA index = 1.35 
and 1.55) and the largest group is hypotetraploid (DNA 
index = 1.85). Although the cells in Figure 3(a) have 
DNA indices typical of cancer, they are unlikely to lead to a 
transformed, immortalized cell line because so little genome 
space is being explored. In other words, it 1s unlikely that 
dividing cells would happen upon viable transformants in the 
limited range of DNA indices presented in Figure 3(a). 

A chaotic strategy of gene shuffling, on the other hand, is 
much more likely to lead to successful cancer cells. For example, 
Figures 3b-3f shows that for r > 3.57 (the chaotic region) an 
increasing number of cells are exploring a wider spectrum of 
DNA indices, thus increasing their chances of hitting on an 
aneuploid combination of genes leading to immortalization and 
transformation. 


TUMOUR FORMATION IN CARCINOGEN-TREATED MICE 


In a large group of mice, the number of papillomas rises 
continuously from about five weeks after the first painting with 
benzo[a]pyrene until about a month after painting has been 
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Figure 4 Two models of tumour production in henzo[a]pyrens-palnted 
mice 


Except for the upward tail of eqn (6) (arrow) near the origin in (a), both models, the mutant 


gene [eqn. (6)} (8) and tha auto-catatysed progression of aneuploidy [eqn (7)] (b), fit the 
experimental data of Morton et al reasonably well [28] However, the two models are 
conceptually quite different The most notable difference rs the shape of the growth curves The 
gene mutabon models are all parabolic upwards, hence the upward tal for egn (6) in (a), while 
the auto-catalysed progression of anguplotdy model is sigmoidal (b) 


discontinued [28]. Charles and Luce-Clausen have proposed 
tOhat, '...mutation of some particular gene which is essential to 
normal differentiation of new skin cells...’ is necessary for the 
production of papillomas in benzo[a]pyrene-treated mice [29]. 
Furthermore, they suggested that papillomas form only after 
both copies of the hypothetical gene are mutated to the cancerous 
form. Based on this double-hit scenano, the authors used 
statistical arguments to derive a model of benzo[a]pyrene-induced 
papilloma formation reproduced here 1n eqn (6). 


nz (Ey (6) 
c 


The dependent variable, n, is the average number of papillomas 
per mouse produced at time, t, after the first painting. The value 
N = 4x 10° is the average number of stratum germinativum cells 
(skin cells) painted with benzo[a]pyrene per mouse, c = 3.5 daysis 
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Figure 5  Auto-catalysed growth of aneuploidy explains age distribution of human cancers 


The supenonty of the sigmoidal curve of egn (7) for the auto-catalysed progression of aneuploidy is best demonstrated by comparing it with eqn (8) for the multi-hit version of the gene mutation 
theory of human carcinogenesis Eqn (7) gives a good fit (solid lines) to the number of deaths per million people for six typical cancers as a function of age [30] The broken lines show the 
best-fit curves to the same data for the seven successive mutation model [eqn (8). The only good fit for aqn (8) is with colon cancer deaths in men 


the interval between paintings, the calculated value i = 32 days 
ig the average number of days between the moment a skin cell 
possesses both copies of the mutated hypothetical proto-cancer 
gene and the subsequent time when the tissue formed by that cell 
becomes recognizable as a papilloma, and & is the mutation rate 
constant. 

Figure 4(a) shows the best-fit curves of eqn. (6) to the data of 
Morton et al. for benzo[a]pyrene-induced papillomas and carcin- 
omas in black mice [28]. The calculated mutation rate constants, 
k, are 2x 107* and 9x 1075 for the papilloma and carcinoma 
data, respectively. This compares with a mutation rate constant 
of 3 x 1075 determined by Charles and Luce-Clausen for the same 
data [29]. 

. If, on the other hand, the production of tumours 1s due to the 
auto-catalysed progression of aneuploidy [eqn. (3)] as a result of 
benzo[a]pyrene treatment, then the number (N,) of papillomas or 
carcinomas at time f is equal to the plateau number of tumours 
(N) times the average aneuploid fraction ¢, at time 1 [eqn. (7)]. 
N, t - N oP: (7) 

Figure 4(b) shows the best-fit curves of eqn. (7) to the data of 
Morton et al. [28]. Except for the upward tail of eqn. (6) near the 
origin in Figure 4(a) (arrow), both models, the mutant-gene [eqn. 
(6)] and the auto-catalysed progression of aneuploidy [eqn. (7)], 
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fit the experimental data of Morton et al. reasonably well. 
However, the two models are conceptually quite different. The 
most notable difference is the shape of the growth curves. 
The gene mutation models are all parabolic upwards [hence the 
upward tail for eqn. (6) in Figure 4a], while the auto-catalysed 
progression of aneuploidy model is sigmoidal (Figure 4b). 

The gene mutation model, in its various forms, predicts an 
increasing number of mutations and subsequent cancers over 
time. Eqn. (6), for example, assumes a specific number of 
mutations beforehand. In the example considered above, both 
copies of a hypothetical proto-cancer gene have to be mutated to 
produce papillomas and carcinomas in benzo[a]pyrene-painted 
mice. The aneuploidy model, on the other hand, makes only one 
assumption that holds for all cases, which is: the auto-catalysed 
progression of aneuploidy. 


THE AGE DISTRIBUTION OF CANCER IN MAN 


The superiority of the sigmoidal curve is best demonstrated by 
comparing the auto-catalysed progression of aneuploidy with the 
prevailing multi-hit version of the gene mutation theory of 
human carcinogenesis. In the 1950s, log-log plots of cancer 
death-rates compared with age were roughly linear, with slopes 
of approx. 6 [30]. That meant that cancer death-rates increased 


proportionally with the sixth power of age. It wasn’t long before 
the sixth-power dependence was interpreted in light of the gene 
mutation hypothesis of cancer. It was hypothesized that cancer 
is the end-result of seven successive mutations [48,49]. However, 
this hypothesis did not lead to the observed result in all 
circumstances (Figure 5, broken lines). Aware of this short- 
coming, Ármitage and Doll warned that the successive cellular 
changes leading to the development of cancer were not necessarily 
gene mutations [30]. This is an important consideration since 
carcinogenic and mutagenic activities do not always go hand-in- 
hand [1,2,16,50]. This insight was short-lived, however. In 
deriving eqn. (8) to model the incidence-rate of cancer with age, 
Armitage and Doll assumed that seven mutations lead to cancer, 
and that the mutations should be specific, discrete, stable and 
proceed in a unique order [30]. 


Cancer rate, = kp PPP PP Pi (8) 


Eqn. (8) shows that the incidence-rate of cancer at age t (assumed 
to be proportional to death-rate [30]) will be proportional to 
the product of the probabilities of the occurrences of each of the 
seven mutations (p,) and to the sixth power of age, where k is 
the rate constant. With the exception of colon cancer in men, eqn. 
(8) 15 a poor model of the incidence-rate for a number of human 
cancers (Figure 5, broken lines). In an effort to salvage their 
model, Armitage and Doll argued that, due to ignorance of the 
individual mutation probabilities, p,, they had to combine all 
the probabihties into one constant. According to the authors, this 
combined probability was the source of the poor fit between eqn. 
(8) and the data. They speculated, that 1f only one knew the 
individual mutation probabihties or could fashion a suitable 
weighting scheme to derive the appropriate mean probability, 
then eqn. (8) should fit the real-world data. Unfortunately, the 
authors were not able to come up with either. I was also unable 
to derive a parabolic equation that fits the sigmoidal incidence- 
rate data of Figure 5. 

However, it turns out that eqn. (7), which is based on eqn. (3) 
for the auto-catalysed progression of aneuploidy, gives a good fit 
to all the cancer incidence-rate data of Figure 5 (solid lines). In 
this case, the number of cancer deaths per million persons (N,) at 
age t is equal to the plateau number of cancer deaths per million 
persons (N) times the right side of eqn. (3), which is the average 
aneuploid fraction, ¢,, for a population of cells. The only good 
fit for eqn. (8) is with the incidence of colon cancer deaths in men, 
which may be the source of Kinzler and Vogelstein’s proposal 
that seven gene mutations are responsible for colon cancer [49]. 

The sigmoidal nature of the mortality-rate data is more obvious 
in Figure 5 than ın the log-log plots used by Armitage and Doll. 
The data points for lung cancer in men and women, as well as 
breast and cervical cancer in women, span much more of the 
sigmoidal region of eqn. (7) than do the data for prostate and 
colon cancer 1n men (Figure 5). This difference is due to the much 
later onset of prostate and colon cancer in men than with the 
other four examples. The inflection points of the sigmoidal curves 
are a measure of this difference. The inflection points for lung 
cancer in men and women, and for breast and cervical cancer in 
women are approx. 50, 60, 45, and 50 years of age respectively 
(Figure 5). However, the inflection points for prostate and colon 
cancer in men occur at much older ages: approx. 75 and 80 years, 


respectively (Figure 5). 


QUANTIFYING ANEUPLOIDOGENS 


The only variables that a carcinogen, acting as an aneuploidogen, 
can influence are ¢, and the growth rate constant, k, in eqn. (3) 
or ¢, and the growth control parameter, r, in eqn (5). If the 
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Figure 6 Once-only application of an anegplokdogen 


A once-only application of an aneupioidogen affects the progression of the aneuploid fraction, 
4", relative to untreated control cells, d, for the normal human cells of Figure 1 (a) and for 
Down's syndrome calls (b) respectively (œ = 1.5, 2, 4, 6, 10, see text) A robust strategy for 
quantifying armeuphoidogenic potencies Is a once-only treatment of primary human cells in 
culture with the test substance followed by penodic measuring of the level af aneuploidy, e g 
at 10, 15 and 20 celi divisions, and recording the average 


aneuploidogen is applied only once, it seems reasonable to 
assume that it will affect only d, or ¢, and not k or r. Thus, the 
effect of a once-only application of an aneuploidogen is to 
increase the aneuploid fraction at the time ıt ıs applied. Under 
this condition, the growth parameters k and r are intrinsic to the 
cell and independent of the aneuploidogen. Using eqn. (3), 
Figure 6 shows how a once-only application of an aneuploidogen 
affects the progression of the aneuploid fraction, øf, relative to ¢, 
for the untreated normal human cells of Figure 1 (Figure 6a) 
and for Down’s syndrome cells (Figure 6b) respectively. 

On the other hand, ifan aneuploidogen is present continuously, 
then it effectively increases the growth parameters k and r. Again 
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Figure 7 Continuous application of an aneuplotdogen 


The continuous presence of an aneuploidogen effectively increases the growth parameters K 
{eqn (3)] and 7 [eqn (5)], affecting the progression of the aneuploid fraction, ¢,*, relative to 
untreated control celis, d, for the normal human cells of Figure 1 (a) and for Down's syndrome 
cells (b) respectively (k, = 11, 15, 2, 3 times A} While the continuous presence of a 
carcinogen Es efficient at generating aneuploidy and transforming calls, a once-only application 
ts a much better strategy for quantifying aneuploidogenic. potencies (Figure 6) 


using eqn (3), Figure 7 shows how a continuous application of 
an aneuploidogen affects the progression of the aneuploid 
fraction, £*, relative to ¢, for the untreated normal human cells 
of Figure 1 (Figure 7a) and for Down’s syndrome cells (Figure 
7b) respectively. Figure 7(a) shows that it takes 20-40 cell 
divisions (depending on the potency or concentration of the 
drug) for aneuploidogen-treated primary human cells to reach a 
maximum level of aneuploidy compared with untreated controls. 
Figure 7(b), as expected, shows that continuously treated Down’s 
syndrome cells should reach a maximum level of aneuploidy 
sooner than normal cells, i.e. 10-20 cell divisions, depending on 
the potency or concentration of the drug. 

While Figure 7 shows that the continuous presence of a 
carcinogen is efficient at generating aneuploidy, a once-only 
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application is a much better strategy for quantifying aneuploido- 
genic potencies (Figure 6). Figure 6(a) shows that compared to 
untreated human cells in culture, the relative level of aneuploidy, 
a [eqn. (9)], produced by a once-only application of an 
aneuploidogen is constant over 25-35 cell divisions. 
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In contrast, Figure 6(b) shows that for Down’s syndrome and 
other cells, e.g. rodent, which have a high background level of 
aneuploidy in cell culture, the relative level of carcinogen- 
induced aneuploidy, a, 1s approximately constant for only 5-15 
cell divisions, depending on the potency of the aneuploidogen. 
Accordingly, I propose that a robust strategy for quantifying 
aneuploidogenic potencies 1s a once-only treatment of primary 
human cells in culture with the test substance followed by 
periodic measuring of the relative level of aneuploidy, e.g. at 10, 
15 and 20 cell divisions, and recording the average. 


DISCUSSION 


The fact that euploid cells have a finite lifetime in cell culture has 
become commonly known as the Hayflick limit [26,27,31]. In the 
alien environment of cell culture, explanted mammalian diploid 
cells are forced to reproduce continuously orders of magnitude 
beyond their in vivo existence. Diploid cells m vitro respond to the 
stress of cell culture by altering their genome in order to adapt to 
life as single-cell organisms or perish. Primary human cells 
almost never stumble upon the chromosomal alterations needed 
for unlimited propagation in vitro [27]. 

In contrast with human cells, primary rodent cells forced to 
endure cell culture often spontaneously hit upon the right 
combination of aneuploid chromosomes and make the quantum 
leap to immortalization and thus escape the abyss of the Hayflick 
limit. The price these cells pay for immortality is perpetual 
genetic instability due to aneuploidy [1,3]. It may even turn out 
that genetic instability 1s necessary for immortality. 

In the present study I have proposed that the chaotic growth 
of aneuploidy is a possible mechanism for the quantum leap to 
immortalization and transformation. At present it is not known 
what would lead to the spontaneous chaotic growth of aneuploidy 
in rodent cells and non-chaotic growth in human cells. It may be 
that in addition to being aneuploidogens, carcinogens may act to 
promote the chaotic growth of aneuploidy leading to cancer in 
humans. 

The auto-catalysed progression of aneuploidy during cell 
division links cancer and the Hayflick limit of cells in culture. 
The Hayflick limit is due to the production of non-viable 
aneuploid cells. Transformation and cancer, on the other hand, 
result from the rare appearance of immortal aneuploid cells. 
Below I compare the auto-catalysed progression of aneuploidy 
with the early efforts to model the time course of carcinogenesis. 

The early attempts to understand and explain human cancers 
were largely empirical. For example, in an effort to linearize the 
strongly non-linear cancer mortality rate data, Armitage and 
Doll plotted the log of the cancer death rates versus the log of age 
[30]. Some of the graphs were approximately linear with a slope 
of 6, to which they and others attributed physiological and 
biochemical significance. The slope of the log-log plots has been 
given various interpretations, ranging from indicating that a 
colony of six or seven cancer cells was a critical size for the 
propagation of cancer, to that a cancer cell was the end result of 
seven successive gene mutations. The seven successive gene 
mutation interpretation has survived to the present [49]. 


According to the somatic gene mutation hypothesis there are 
two classes of genes that when mutated lead to cancer. (1) The 
mutated oncogenes are proposed to actively cause cancer by 
destabilizing the genome and disrupting hypothetical regulatory 
networks that maintain homoeostasis. (2) The mutated tumour 
suppressor genes are proposed to actively protect against and 
nullify the deleterious effects of mutant oncogenes. In other 
words, there is a surveillance system of protective genes that 
actively maintains the euploid state and prevents aneuploidy and 
cancer. The tumour suppressor gene hypothesis advances the 
Victorian-like pessimism that an ‘unsupervised’ euploid cell will 
follow its natural tendency towards corruption and spon- 
taneously become a cancer cell in the absence of these ever- 
vigilant guardians of the genome. 

A major problem with the somatic gene mutation hypothesis 
is that to date there is no functional evidence for such genes 
causing either cancer or, conversely, protecting a cell against 
aneuploidy and transformation. Furthermore, the somatic gene 
mutation hypothesis is powerless to explain even the simplest 
and most glaring facts of carcinogenesis [1-4]. For example, the 
gene mutation hypothesis cannot explain why a once-only 
treatment with carcinogens results 1n.tumours only months to 
years later, long after the inducing carcinogen has reacted with 
the components of the cell [4,6,51]. The auto-catalysed pro- 
gression of aneuploidy, on the other hand, readily explains the 
long latent periods between exposure to a carcinogen and 
the appearance of cancer (Figures 4 and 5). 

The inadequacy of the gene mutation hypothesis to account 
for phenotypic transformation may be more easily seen with the 
aid of a metaphor. If the genome is a biological dictionary then 
the life of a cell is a Shakespearean drama. The most efficient 
means of rewriting a cell’s script, then, would be the wholesale 
shifting and shuffling of the genes, which aneuploidy ac- 
complishes admirably. Continuing the metaphor, if one were to 
alter or delete a word here and there in Hamlet, for example, such 
‘point mutations’ would be invisible to the vast majority of 
theatre-goers. The same is true for a multicellular organism, 
which is at least as resistant to point mutations as a Shakespeare 
play. On the other hand, without ‘mutating’ a single word, one 
could transform the script of Hamlet into a legal document, a 
love letter, a declaration of independence, or more likely gibberish 
by simply shifting and shuffling, copying and deleting numerous 
individual words, sentences and whole paragraphs. 

In contrast with the somatic gene mutation hypothesis, we 
have previously proposed that the genetically balanced euploid 
state is intrinsically stable and not prone to aneuploidy and 
transformation in vivo [1,3]. Aneuploid cells are damaged cells 
that almost never survive in competition with euploid cells. 
Nevertheless, there are rare aneuploid cells that win the genetic 
lottery by evolving into autonomous, single cell organisms that 
are extremely capable of rewriting their own scripts as evidenced 
by the extensive genetic instability inherent in these cells. 

In spite of the fact that aneuploidy is an efficient mechanism 
for altering the phenotypes of complex systems, the presence of 
point mutations in a handful of genes continues to be viewed as 
a significant, even causal factor in carcinogenesis. However, a 
more likely reason for the appearance of these point mutations 
is that they are innocuous, hence readily accommodated during 
the clonal expansion of barely viable aneuploid cells as they 
compete with their more viable euploid counterparts. The current 
emphasis in cancer research on seeking mutant genes in a 
perpetual background of aneuploidy is a classic example of not 
seeing the forest for the trees. 

Aneuploidy, in contrast to somatic gene mutation, offers a 
simple and coherent mechanism for the transformation of a 
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range of complex phenotypes [1-4]. The auto-catalysed pro- 
gression of aneuploidy is sufficient to explain: (1) the time course 
of primary cells in culture [eqn. (4), Figure 1]; (2) the difference 
in the spontaneous transformation rates between primary human 
and mouse cells in culture [eqn. (5), Figure 2]; (3) why the DNA 
indices of cancer cells are between 1.5 and 2 [eqn. (5), Figure 3]; 
(4) the time course for the appearance of tumours in carcinogen- 
treated mice [eqn. (7), Figure 4]; and (5) the age distribution of 
cancers in man [eqn. (7), Figure 5]. 


| am grateful to the International Coalition for Medica! Justice (Culpeper, VÀ, USA), 
Robert Leppo (philanthropist, San Francisco, CA, U S.A.), the Abraham J. and Phyllis 
Katz Foundation (New York, NY, USA), the Nathan Cummings Foundation (San 
Francisco, CA, USA), Boveran, Inc (Saratoga, CA, USA), and a foundation 
that prefers to be anonymous, for financial support Additional funds were contributed 
by Carol J Wilhelmy (San Mateo, CA, U.S.A) and other private sources | wish to 
thank Peter Duesberg (University of Calffomla at Berkeley, CA, USA), Brian 
Goodwin (Schumaker College, Devon, U.K.), Ruhong Li (University of California at 
Berkeley, CA, USA), Richard Strohman (University of California at Berkeley, CA, 
USA), Leonard Hayflick (Sea Ranch, CA, USA), Harvey Bialy (Guernavaca, 
Mexico) for many fruitful discussions and valuable criticism, and An Bodhran for 
years of liquid support and liberating good humour. 


REFERENCES 


1 Duesberg, P, Rausch, C, Rasnick, D and Hehimann, R (1998) Genetic instability of 
cancer cells fs proportional to their degree of aneuploidy. Proc Natl Acad Sci 
USA 95, 13692-13697 

2 i, R, Yerganian, G, Duesberg, P, Kraemer, A, Willer, A, Rausch, © and 
Hehlmann, R (1997) Aneuploidy 100% correlated with chemical transformation of 
Chinese hamster celis Proc. Nall Acad Sci USA 84, 14506-14511 

3  Rasnick, D and Duesberg, P. H. (1999) How aneuploidy affects metabolic control 
and causes cancer Biochem J 348, 621—630 

4 Duesberg, P, Li, R, Rasnick, D, Rausch, C, Willer, A, Kraemer, A, Yerganian, G 
and Hehlmann, R (2000) Aneuploidy precades and segregates with chemical 
carcinogenesis. Cancer Genet Cytogenst, in tha press 

5 Bover, T (1914) Zur Frage der Entstehung Maligner Tumoren, Fischer, Jena 

6 Pitot, H. C. (1986) The natural history of neoplastic development [n Fundamentals of 
Oncology, pp. 163—200, Marcel Dekker, Inc, New York 

7 Basmajran, J V, Desmond-Burke, M , Burnett, G W., Campbell, C C, Conn, W. E, 
Corilss, C E, Ferguson, D. J, Frazer, J P, Fresdman, B J, Greene, N M etal 
(1982) Stedman's Medical Dictionary, pp 931, Williams & Wilkins, Baltimore 

8 Frat, L, Cortes, E, Ficorella, C, Manzan, V and Verna, R (1984) Phenotypic and 
genetic markers of cancer turning point m research In Genebc and Phenotypic 
Markers of Tumors (Aaronson, S A, Frat, L. and Verna, R, eds), pp 1—20, 
Plenum Press, New York 

9 Alderman, E M, Lobb, R. R and Fett, J W (1985) Isolation of tumor-secreted 
products from human carcinoma calls maintained in a defined protein-free medium 
Proc Natl Acad Scl USA 82, 5771-6775 

10 Heppner, G and Miller, F R. (1998) The cellular basis of tumor progression Int 
Rev. Cytol. 177, 1--56 

11 Nowell, P. C. (1976) The clonal evolution of tumor cell populations Science 194, 
23—28 

12 Kinzer, K W and Vogelstein, 8 (1997) Cancer-susceptibility genes gatekeepers and 
caretakers Nature (London) 388, 761,763 

13 Tomlinson, |. and W, Bodmer (1999) Selection, the mutatron rate and cancer. 
ensunng that the tal does not wag the dog Nat Med 6, 11-12 

14 Thraves, P, Reynokis, S., Salehi, Z, Kim, W K, Yang, J H., Rhim, J S and 
Dritschllo, A (1991) Detection of transforming genes from radiation transformed 
human epidermal keratinocytes by a tumorigenicity assay In Neoplastic 
Transformation in Human Cel! Culture (Rium, J S and Dritschllo, A, eds), 
pp 93-101, The Humana Press Inc, Totowa, NJ 

15 Lijinsky, W (1989) A view of the relation between carcinogenesis and mutagenesis 
Environ Mol Mutagen 14, 78—84 

16 Duesberg, P H (1995) Oncogenes and cancer Selence 267, 1407-1408 

17  Stanbndge, E J (1990) Human tumor suppressor genes Annu. Rev Genet 24, 
615—657 

18 L,R, Sonik, A, Sindi, R, Rasmick, D and Duesberg, P (2000) Aneupioidy versus 
gene mutation hypothesis recent study clams mutation, but is found to support 
ansuplokdy. Proc. Natl Acad Sci USA 97, 3236—3241 

19 Levan, A and Biesele, J J (1958) Role of chromosomes in cancerogenesis, as 
studied in serial tissue culture of mammalian cells Ann N Y. Acad. Sc. 71, 
1022—1053 


© 2000 Biochemical Socrety 


D. Rasnick 


Lengauer, C, Kinzler, K. W and Vogelstein, B (1998) Genetic instabilities in human 
cancers Nature (London) 396, 643—649 

Atkin, N B and Baker, M. C (1990) Are human cancers ever diploid — or often 
taisome? Conflicting evidence from direct preparations and culture Cytogenet Cell 
Genet 53, 58-60 

Sandler, L and Hecht, F. (1973) Genetic effects of aneuploidy Am. J Hum. Genet 
26, 332—339 

Lindsey, D L, Sandler, L, Baker, B S, Carpenter, A T C, Denell, R. E, Hall, J C., 
Jacobs, P A, Miklos, G L G, Davis, B. K, Gethmann, R C et al. (1972) Segmental 
aneuploidy and the genebc gross structure of the Drosophila genome Genetics 71, 
157-184 

German, J. (1974) Predisposing to chromosoma Instability and cancer in 
Chromosomes and Cancer vol 1 (German, J, ed), pp 601—617, John Wiley & 
Sons, New York 

Wolrran, S R (1983) Karyotypic progression In human tumors Cancer Metastasis 
Rev 2, 257-293 

Hayflick, L and Moorhsad, P S (1961) The serial cultrvation of human diplold cell 
strans Exp Gell Res. 25, 585—621 

Hayflick, L (1965) The limited in wiro lifetime of human dipkad cel! strains, Exp 
Cell Res. 37, 614—636 

Morton, J J, Luce-Clausen, E M and Mahoney, E. B. (1942) Visible light and skin 
tumors induced with benzpyrene m mice Cancer Hes 2, 256—260 

Charles, D R and Luce-Clausen, E M. (1942) The kinetics. of papilloma formation in 
benzpyrene-treated mice Cancer Res 2, 261—263 

Armitage, P and Doll, R. (1954) The age distribution of cancer and the multi-stage 
theory of carcinogenesis, Br J Cancer 8, 1—12 

Saksela, E and Moorhead, P S (1963) Aneuploidy in the degenerative phase of 
senal cultrvation of human call strains Proc Natl Acad. Sc: USA B0, 390—395 
Steinfeld, J 1, Francisco, J S and Hase, W L (1989) Chemical Kinetics and 
Dynamucs, pp 182-182, Prentice Hall, Englewood Cilfis 

Shapiro, B L (1983) Downs syndrome—a disruption of homeostasis. Am. J Med 
Genst 14, 241—269 

Schneider, E. L and Epstein, C. J (1972) Replication rate and lifespan of cultured 
fibroblasts in Down's syndrome Proc Soc Exp. Biol Med 141, 1092-1094 
Mukherjes, A B. and Costello, © (1998) Aneuploidy analysis in fibroblasts of human 
premature aging syndromes by FISH dunng 4 wiro cellular aging Mech Ageing 
Dev 103, 209—222 

Todaro, G T and Gresn, H (1963) Quantitative studies of the growth of mouse 
embryo cells in culture and thelr development into established lines J Cell Biol 7, 
299—313 


Received 25 November 1999/6 March 2000, accepted 10 Apni 2000 


© 2000 Biochemical Society 


37 


42 


43 


45 


51 


Posadas, E M, Cniey, S R. and Coffey, D. S (1996) Chaobc oscillabons in cultured 
cells rat prostate cancer. Cancer Hes. BB, 3682-3688 

Alligood, K T, Sauer, T. D and Yorke, J A (1996) One-dimensional maps. In 
Chaos: An Introduction to Dynamical Systems, (Thomas, F, Banchoff, K D, Gonnet, 
G., Marsden, J and Wagon, S, eds), pp 1—42, Spnnger, New York 

Willams, G P (1997) The parameter as king. In Chaos Theory Tamed, pp. 161—167 
Joseph Henry Press, Washington DC 

Holliday, R (1989) Chromosome error propagation and cancer Trends Genet B, 
42-45 

Lengauer, C, Kinzler, K W. and Vogelstem, B (1997) Genetic instability in colorectal 
cancers Nature (London) 386, 523—627 

Kimmel, M and Axelrod, D E (1990) Mathemahcal models of gene amplification 
with applications to cellular drug resistance and tumongenicity Genetics 125, 
633--644 

Shackney, S E, Berg, G, Simon, S R, Cohen, J., Amina, S, Pommersherm, W , 
Yakulis, R, Wang, S, Uhl, M.. Smith, C A et al (1995) Ongins and clinical 
implicabons of aneuploidy in early bladder cancer Cytometry 22, 307—316 

Reid, R, Fu, Y S, Herschman, B. R, Crum, C. P, Braun, L, Shah, K V., Agronow, 
S. J. and Stanhope, C R (1984) Genital warts and cervical cancer Am J. Obstet 
Gynecol 150, 189—199 

Shackney, S E, Singh, S G, Yakulis, R, Smith, C. A, Polika, A A, Petruoio, S, 
Waggoner, A and Hartsock, R J (1995) Aneuplokdy in breast cancer: a fluorescence 
in situ hybxidzation study Cytometry 22, 282—291 

Devilee, P, Thiery, R F, Kievits, T, Kollun, R, Hopman, A H N, Willard, H F, 
Pearson, P. L and Cornelisse, C J (1988) Detection of chromosome aneuploidy in 
Interphase nuclei from human primary breast tumors using chromosorme-specific 
repetitive DNA probes Cancer Res 48, 5825—5830 

Kato, A, Kubo, K, Kurokawa, F., Okita, K, Oga, A and Murakami, T (1998) 
Numencal aberrations of chromosomes 16, 17, and 18 in hepatocullular carcinoma 
Dig. Dis Sa. 43, 1~7 

Nordling, C. O (1953) A new theory on the cancer-Inducing mechanism, Br, J 
Cancer 7, 88—72 

Kinzier, K and Vogelstein, B. (1996) Lessons from hereditary colorectal cancer Cell 
87, 159—170 

Duesberg, P. H and Schwartz, J R (1992) Latent viruses and mutated oncogenes: 
no evidence for pathogenicity. Prog Nucleic Acid Res Mol Biol. 43, 135—204 
Calms, J (1978) The epidemiology of cancer in Cancer: Science and Society, pp 
35-61, W H Freeman and Company, San Francisco 


Blocham. J (2000) 348, 507—515 (Printed in Great Britain) 


507 





Glycosylation-site-selective synthesis of N-acetyl-lactosamine repeats in 


bis-glycosylated human lysozyme 


Ralph MELCHER"*, Alexandra HILLEBRAND*, Ute BAHRT, Bernd SCHRODER*, Michael KARAST and Andrej HASILIK*! 
"Institut fur Physiologische Chemie, Phillpps-Universitat Marburg, D-35033 Marburg, Germany, and finstrumentelle Analytische Chemie, J W Gosthe-Universttat, 


D-60590 Frankfurt, Germany 





We have studied the elongation of oligosaccharides containing 
N-acetyl-lactosamine repeats using glycosylated human lysozyme 
mutants as a model. We reported previously that a combination 
of glycosylation sites at the 49th (site IV) and 68th (site IT) amino 
acid residues of the protein particularly stimulates the synthesis 
of N-acetyl-lactosamine repeats [Melcher, Grosch, Grosse and 
Hasilik (1998) Glycoconjugate J. 15, 987—993]. In the present 
study we show that it is the carbohydrate attached to site IV that 
is selectively affected. It contains more N-acetyl-lactosamine 


repeats when site II is glycosylated in the same molecule. As a 
corollary of the glycosylation at site II, the synthesis of a third 
antenna at site IV is increased. The triantennary oligosaccharides 
at site IV contain more N-acetyl-lactosamine repeats than the 
biantennary ones. Thus placing a carbohydrate at site II stimu- 
lates the branching and the elongation of the carbohydrate at the 
other site. 


Key words: mutant, oligosaccharide, polylactosamine. 





INTRODUCTION 


Migration of cells from the vasculature into the surrounding 
environment 1s an important step in defense reactions and in the 
spread of metastases (reviewed in [1,2]). During inflammation, 
endothelium in the affected tissue becomes activated and interacts 
with cells bearing cognate structures, such as sialyl Lewis* 
substances. These substances bind to selectins, which are exposed 
on the surface of endothelium and platelets, in a regulated 
manner. They are found at the non-reducing termini of various 
glycoconjugates with extensions made of N-acetyl-lactosamine 
repeats. It has been shown in several systems that the synthesis 
of the repeats depends on the expression of distinct enzymes, 
including the elongating 5-1,3-N-acetylglucosaminyltransferase 
[3-5] and the branching /-1,6-N-acetylglucosaminyltrans- 
ferases [6,7]. Sjalyltransferases, meanwhile, act as terminators of 
elongation [8,9]. V-Acetylglucosaminyltransferase V (responsible 
for the synthesis of the 5-1,6-linked branch in complex oligo- 
saccharides) 1s considered to be an important regulator of 
the N-acetyl-lactosamine repeat synthesis, since branched oligo- 
saccharides are better substrates for elongation than linear ones 
[6,7]. The branching of complex oligosaccharides and the elon- 
gation of the repeats are increased in human neoplastic cells [10]. 
These modifications support the synthesis of sialyl Lewis* 
substances and increase the metastatic potential of cells. 
Previously we have described glycosylation of lysozyme 
mutants at sites referred to as I (Asn**), II (Asn®) and IV (Asn?) 
[9,11]. We have shown that the processing of the carbohydrates 
at these sites is similar. Lysozyme glycosylated at site I has been 
found to contain predominantly biantennary oligosaccharides 
bearing zero to four N-acetyl-lactosamine repeats (in order of 
decreasing frequency). The size of the oligosaccharides appears 
to be significantly increased in a mutant bearing carbohydrate 
simultaneously at sites IJ and IV, but not in a mutant glycosylated 
at sites I and IV. In the present study we show that the 


characteristic modification in molecules glycosylated at sites 
II and IV particularly affects site IV. Using MS analysis of 
glycopeptides that were prepared from molecules glycosylated at 
either site alone or at both sites simultaneously, we conclude 
that glycosylation at site II strongly affects the processing of 
the oligosaccharides at site IV. These oligosaccharides become 
enriched in elongated triantennary oligosaccharides. 


MATERIALS AND METHODS 
Materkals and cells 


Human milk lysozyme and rabbit anti-(human lysozyme) serum 
have been pxepared and characterized previously [9,12]. Radio- 
active methionine/cysteme mixture (Tran**S-label) was pur- 
chased from ICN Biomedicals (Eschwege, Germany). Endo-f- N- 
acetylglucosaminidase F2 from Flavobacterium meningosepticum 
and endo-/-galactosidase from Bacteroides fragilis were obtained 
from Boehringer-Mannhein (Mannheim, Germany). Chinese 
hamster ovary (CHO) cells expressing glycosylated human 
lysozyme II/IVT have been described previously [11]. The 
glycosylation sites that are referred to by the symbols II and 
IVT have been introduced with mutations G68N/P71S and 
D49N/SSIT, respectively. These cells were prepared by stably 
transfecting CHO cells (CCL61) that were obtained from the 
American Type Culture Collection (Manassas, VÀ, U.S.A.). 


Call culture 


Cells were grown to confluency in «minimum essential medium 
(Life Technologies, Eggenstein, Germany), supplemented with 
10% (v/v) fetal bovine serum (Sigma, Deisenhofen, Germany), 
100 units/ml penicillin and 100 ug/ml streptomycin, under 
air/CO, (19:1) at 37 °C 


Abbreviations used, CHO, Chinese hamster ovary, MALDI-TOF MS, matrix-assisted laser-desorption ionization-time-of-flight MS 
1 To whom correspondence should be addressed (e-mail hasilik(g mailer uni-marburg de) 
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Metabolic labelling, immunoprecipitation and characterization of 
the labelled lysozyme 


Cells grown to early confluency in 3.4 cm diameter dishes were 
incubated in medium free of methionine and cysteine that was 
supplemented with 4 MBq of the Tran??S-label for 16 h. Labelled 
lysozyme was isolated from the medium by immunoprecipitation 
[9], separated by SDS/PAGE [13] and visualized by Phosphor- 
Imager analysis (Molecular Dynamics, Krefeld, Germany). The 
quantification of the radioactivity associated with lysozyme was 
evaluated with software provided by the supplier. To characterize 
the carbohydrate moiety of lysozyme, aliquots of the immuno- 
precipitates were treated with endo- N-acetylglucosaminidase F2 
and endo-/-galactosidase [9]. 


Purification and characterization of lysozyme II/IVT 


Recombinant lysozyme H/IVT was produced in cultures of 
transfected CHO cells and purified from the conditioned medium 
using immune-affinity and hydroxylapatite chromatography. A 
previously described procedure [11] was scaled up to obtain 
100—200 pg of protein. Briefly, 200 ug of affinity purified rabbit 
anti-(human lysozyme) antibody was coupled to CNBr-activated 
Sepharose 4B (Amersham Pharmacia Biotech, Braunschweig, 
Germany). Medium containing lysozyme was applied to the 
immunosorbent in a column and the enzyme was eluted with 
0.1 M glycine/HCI (pH 2.65)/2 M MgCl,. After concentrating 
and dialysing the eluate against 10 mM sodium phosphate buffer 
(pH 6.8), it was applied to a hydroxyapatite column (CHT2-I 
from Bio-Rad Laboratories GmbH, München, Germany) and 
this column was eluted with a linear gradient up to 0.5 M sodium 
phosphate buffer (pH 6.8). Mixtures of glvcosylated forms of 
lysozyme were separated by SDS/PAGE and visualized by 
staining with silver nitrate [14]. 


Tryptic digestion, isolation and identification of glycopeptides 


Fractions from the hydroxylapatite column, containing mono- 
and bis-glycosylated lysozyme, were pooled and vacuum-dried. 
The residues were dissolved in 0.3ml of 5M guanidinium 
chloride. The solution was mixed with 0.1 vol. of 1 M dithio- 
threitol for 30min at 37°C, followed by 0.15 vol. of 2M 
iodoacetic acid (that was neutralized with NaOH) for 30 min at 
37 "C. The solution was then dialysed against 2 M urea at 4 °C. 
The resulting solution was subsquently diluted with 1 vol. of 
H,O and buffered by adding 0.25 vol. of 0.5 M Tris/HCl (pH 
8.5). The carboxymethylated protein was digested with 4 ug of 
sequencing-grade trypsin (Boehringer Mannheim) at 37 °C for 
16 h. The digested mixture was then vacuum-dried and separated 
by HPLC using a 2mm x 150 mm C,, reverse-phase column 
(300 A pore size, 5 um bead diameter; Delta-Pak from J. T. 
Baker, Phillipsburg, NJ, U.S.A.). A linear gradient up to 70% 
(v/v) acetonitrile over 90 min in 0,59, trifluoroacetic acid (pH 
2.0) was used in a Waters 625LC system with the PDA Waters 
996UV detector (Millipore Waters, Eschborn, Germany). Re- 
chromatography was performed at pH 6 in 0.1 °% (w/v) ammo- 
nium acetate with a linear gradient up to 70°, (v/v) acetonitrile 
in this buffer over 90 min. For comparative purposes, human 
milk lysozyme [12] was digested and the peptide fragments were 
separated as above. The glycopeptides were identified by amino 
acid sequencing that was performed in a Model 477A amino acid 
sequencer (Applied Biosystems, Weiterstadt, Germany). 


Mass analyses 


Mass analyses of the glycopeptides were carried using a matrix- 
assisted. laser-desorption ionization-time-of-flight (MALDI-- 
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TOF) [15,16] mass spectrometer (Voyager RP; Perseptive Bio- 
systems, Framingham, MA, U.S.A.). For mass measurements 
samples were dissolved in a mixture of acetonitrile/0.1 *; aqueous 
trifluoroacetic acid (1:1, v/v) at a concentration of approx. 10^* 
M. Samples (1 #1) were mixed with | yl of matrix [2.5-dihydroxy- 
benzoic acid /2-hydroxy-5,5-methoxybenzoic acid; 9:1, by vol. 
(20 g/l of each acid was dissolved in the sample solvent)] directly 
on the metal sample support and dried in a stream of cold air. 
Positive ions were analysed in the linear mode. For each spectrum 
30-50 single mass scans were accumulated. Mass calibration was 
performed externally with insulin as the calibrant. Peak intensities 
were taken as arbitary units for the maximum peak heights 
evaluated by the instrumental software (Grams/386). 


RESULTS 


isolation of glycopeptides from mono- and bis-glycosylated 
lysozyme 


Mutant lysozyme H/IVT with glycosylation sites at Asn" (site 
IV) and Asn’? (site H) was expressed in stably transfected CHO 
cells. Glycosylation site IV has been engineered in analogy to the 
single glycosylation signal in lactoglobulin, a similar protein. An 
additional mutation, S51T, has been introduced to obtain better 
utilization of the glycosylation signal [11]. The recombinant 
glycoprotein was purified from conditioned medium using 
immune-affinity and hydroxyapatite column chromatography. 
Aliquots of the eluted fractions were analysed by SDS/PAGE. 
Figure 1 shows that molecules with the highest apparent size and 
contents of carbohydrate were eluted from the hydroxyapatite 
column first. The bands representing lysozyme with different 
contents of carbohydrate were interpreted. according to the 
previously published characterization [11]. Fraction numbers 
16-22 and 24-26, which contained the bulk of the bis- and mono- 
glvcosylated molecules, respectively, were pooled and the 
materials were subjected to tryptic digestion. The apparent cross- 
contamination of mono- and bis-glycosylated lysozyme in the 
hydroxyapatite column fractions was considered tolerable for 
the characterization of the pooled fractions. Owing to a high 
efficiency of glycosylation of lysozyme H/IVT, the non-glycosyl- 
ated form of the mutant could not be prepared with a sufficient 
vield. Therefore, as a control. wild-type human lysozyme was 
used. 

The digested peptide mixtures were separated by reverse-phase 
HPLC. Novel peaks were expected in the elution profiles of the 
glycosylated samples when compared to the control. Although, 
(1) the control differed from the mutant at four amino acid 
residues that were likelv to affect the elution of the fragments, (2) 
the glycosylation occurred in the neighbourhood of arginine and 
lysine residues such that it interfered with the tryptic digestion 
(see below) and (3) the giycosylation was incomplete, a straight- 
forward comparison was possible of the HPLC profiles shown in 
Figure 2. The glycosylated materials yielded two additional 
broad peak areas that were not matched in the control and, 
therefore, tentatively referred to as glycopeptide pools II and IV. 
The appearance of a broad peak was particularly striking in the 
tryptic digest of bis-glycosylated lysozyme. in fractions that 
eluted at the earlier time (pool IV). Material eluting at the later 
time absorbed light at 295 nm and was referred to as glycopeptide 
II. since from the primary sequence of lysozyme the fragment 
bearing glycosylation site H was predicted to contain tryptophan 
(residue 64). The origin and the nomenclature of the glyco- 
peptides from mono- and bis-glycosylated lysozyme fractions 
were established after determining the amino acid sequence (see 
below) and are explained in Figure 3. The glycopeptides were re- 
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Figure 1 Separation of mono- and bis-glycosylated lysozyme 
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Lysozyme mutant H/IVT was purified by immune-affinity and hydroxyapatite chromatography. Aliquots of the fractions of the enzyme that were eluted from the hydroxyapatite column were analysed 
by SDS/PAGE. Protein was stained with silver nitrate. Carbonic anhydrase, trypsin inhibitor and lysozyme (30, 18 and 14 kDa, respectively) were used as standards (5). The positions of lysozyme 
forms bearing no (L), one mannose-rich (mL), one complex (MGL) or two complex oligosaccharides (BGL) are indicated. 
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Figure 2 HPLC of tryptic peptides from bis-glycosylated lysozyme 


Tryptic peptides were prepared by digesting human milk lysozyme (WT) and bis- (BG) and 
mono-glycosylated (MG) lysozyme, that corresponded to hydroxylapatite column fractions 
16-22 and 24—26, respectively (see Figure 1). The appropriately iabelled panels show the 
separation of the peptides in the three preparations by reverse-phase HPLC. The positions of 
giycopeptide pools !| and iV are indicated. The absorbance at 280 nm and 295 nm is 


represented by the continuous and dotted lines, respectively. 


chromatographed at a higher pH. This resulted in the separation 
of a few minor contaminants (results not shown). In all these 
cases the major materials were eluted as rather broad peaks. 
Glycopeptides comprising the glycosylation site H from either 
mono- or bis-glycosylated lysozyme yielded two broad peaks in 


tandem, HA and HB. They appeared in similar amounts and 
were pooled and analysed separately. They were assumed to 
differ from each other in the length of their peptide moieties (see 
below). Even when subjected to re-chromatography the glyco- 
peptides eluted as rather broad peaks and the heterogeneity 
was assumed to be due to carbohydrates. The heterogeneity was 
prominent in the elution profile of glvcopeptide IVBG from bis- 
glvcosylated lysozyme. In this respect glycopeptide IVBG was 
clearly distinct from all others including the glycopeptide IVMG 
that originated from mono-glvcosylated lysozyme (Figure 2). 

By definition, digestion of bis-glycosylated lysozyme yielded 
two glycopeptides, HBG and IVTBG, in equimolar amounts. 
The ratio of their peak areas was 3.3:1 (Figure 2, lower 
panel). The apparently higher absorbance of the material in peak 
II fractions was explained by its larger molecular size. From the 
ratio of 1.4: 1 of peak areas of the two glycopeptides in the digest 
of mono-glycosylated lysozyme (Figure 2, middle panel) it could 
be concluded that in this mixture molecules glycosylated solely at 
site H were about half as frequent as those glycosylated solely 
at site IV. This observation indicated that the two glycosylation 
sites were utilized independently of each other, since, as reported 
before [11]. in mono-glycosylated lysozyme mutants H and IVT 
the glycosylation of the former was less frequent. 


identification of the purified glycopeptides 


An aliquot of the re-chromatographed pool IVBG was subjected 
to automated amino acid sequencing. The sequence obtained in 
22 cycles was: ATNYNAG-blank-RTTDYGIFOINSR-blank. 
It was concluded that this peptide contained glycosvlation 
site IV and that the lack of the signal in the eighth cycle was due 
to glycosylation of asparagine (Asn**) at this position. Thus the 
glycosylated peptide containing glycosylation site IV comprised 
2] amino acid residues (residues 42-62 in lysozyme) and the 
result of the sequencing confirmed the presence of both mutations 
(D49N and SSIT [11]. It was concluded that the tryptic fragment 
from pool IVBG was generated by cleavages after Arg? and 
Arg". It was assumed that the lack of cleavage at Arg" was due 
to glycosylation at the adjacent mutated site IV (D49N). 

A portion of pool HBGB was subjected to ten cycles of amino 
acid sequencing with the following result: YWCND-blank- 
K TSG. This sequence corresponded to residues 63-72 of human 
lysozyme, containing the mutations G68N and P715 and, thus, 


© 2000 Biochemical Society 


510 R. Melcher and others 
















TU 
r 


st Pa PAAS BPG XU ES Betyg ge atte a A 
4 uk ex a * cn px d y. ar r f ze 
$ oM RP A anf : * ML 
KT, 23072 L5 2N49/ 72 2N68 ILIA 78130 ;- 








Zion ode 9 


Trypsin, HPLC 
peolIV pool II 
HPLC 
pool IIA peel HB 
-— $0 0d Sequencing 
A42-R62  Y63-K97 Y63-R98 
Codes of glycopeptides from 
MG lysozyme IVIMG | IIMGA — IIMGB 
BG lysozyme IVIBG  I1BGA  ILBGB 


Figure 3 Generation and nomenclature of giycopeptides from glycosylated lysozyme 


Glycosylated lysozyme was isolated by immune-affinity chromatography. Mono- and bis-glycosylated lysozyme fractions were separated by hydroxyapatita column chromatography. The glycopeptide 
codes refer to the ongin of two altemative preparations glycopepides with codes IVTMG, IIMGA, IIMGB were prepared from a tryptic digest of mono-glycosyiated (MG) lysazyme Those 


with codes IVTBG, IIBGA and IIBGB were prepared from brs-glycosylated (BG) lysozyma. 
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Figure 4 MALDI-TOF mass analysis of tryptic glycopeptide IVBGB from glycosylation site IV of bis-glycosylated lysozyme I1/IVT molecules 


Mass peaks corresponding to glycopeptides bearing mono-, bis- and tris-sialo-oligosacchandes are labelled with numbers that refer to the total content of Macetyineuraminic acid (16. sahe acid) 
(the first digi) and Aacetyl-lactosamins (the second digit) units Ollgosacchande structure paradigms are shown in Figure 5 


to glycosylation site II. The sequence was not interrupted after 
Lys*? probably due to glycosylation at the 68th residue Mass 
spectra of glycopeptides IIBGA and IIBGB were similar to each 
other (see below) The mass values of peaks 1n the former mass 
spectrum were 156 Da smaller than in the latter mass spectrum. 
This difference probably resulted from an alternative cleavage by 
trypsin at the C-terminal side of the glycopeptide. An aliquot of 
the peptide IIBGB was subjected to amino acid sequencing to 
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examine this possibility. However, after 32 cycles that confirmed 
the expected sequence of residues 63-94 the signal ceased to be 
interpretable. No further attempts to elucidate the mass difference 
were made. Most probably, the glycopeptides from pool II were 
generated by tryptic cleavage after Arg** and either Lys?" or 
Arg®®, and the two alternative fragments were separated during 
the re-chromatography yielding tandem peaks, JA and IIB. 
These optional cleavages are illustrated in Figure 3 
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Figure 5 Bi- and tri-antennary isomers of oligosaccharide structures 24 
and 34 of glycopeptides from pool IVTBO 


Glycopeptide masses 5461 7 Da and 5752 8 Da were examined The calculated masses of the 
typte pepbde (2374 6 Da) and of the fucosylated core carbohydrate mannose, fucose,-- 
acetyigiucosamine, (1039 1 Da) moisties were subtracted from the examined values The 
residual mass values of 2044 7 Da and 2335 8 Da represented the outer chains of the antennae 
These values were compatible with four A-acetyt-lactosamine units (365 4 Da each) and two or 
three sialic acid residues (291 3 Da each), respectively Bi- and tri-antennary structures are 
shown using the following symbols for sialic acid (@), galactose (49), Macetyigiucosamine 
(Wi), Mannose (CE) and fucose (A) residues Tetra-antennary isomers are not shown 
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Mass analysis of glycopeptides comprising glycosylation sites Il 
and IVT 


MALDI-TOF mass analysis of IVTBG, that contamed the 
glycosylation site IVT and was isolated from bis-glycosylated 
lysozyme, yielded a complex set of mass signals that are shown 
in Figure 4. The main peak had a protonated mass of 4730.6. 
This agreed well with the mass of the mutant sequence Ala* 
through to Arg" (2377.5Da) combined with that of a 
biantennary oligosaccharide with two N-acetylneuraminic acid, 
two galactose, three mannose, four N-acetylglucosamine and one 
fucose residues (these residues comprise 2352.2 Da after sub- 
tracting the mass of the condensation water), yielding a sum of 
4729.7 Da. 

The peaks shown in Figure 4 were considered to represent 
glycopeptides with mono- and bis-sialylated biantennary, bis- 
and tris-sialylated triantennary and tetrakis-sialylated tetra- 
antennary oligosaccharides. The peaks were grouped in series 
that were labelled with two italic numerals. The first numeral was 
used to indicate the content of sialic acid residues. Within a series 
the mass values showed an increment that represented the mass 
of an N-acetyl-lactosamine residue. The total number of N- 
acetyl-lactosamine units was represented by the second italic 
numeral. The mass analysis does not distinguish between 
biantennary oligosaccharides with m lactosamine repeats and 
triantennary ones with n — 1 repeats 1f the two contained less than 
three sialic acid residues. Correspondingly, the italic code refers 
to the contents of the two building blocks and not to the number 
of the antennae. Às an example, in Figure 5 biantennary and 
triantennary 1someric structures are shown that represent oligo- 
saccharide codes 24 and 34 with four N-acetyl-lactosamine units 
and two or three sialic acid residues, respectively. 
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Figure 6 MALDI-TOF mass analysis of tryptic glycopeptide IIBGB from glycosytation site II of bis-plycosylated lysozyme II/IVT molecules 
Mass peaks corresponding to glycopeptdes with different numbers of Macstyineuraminic acid and of Aacetylactosamune units are numbered as explained in the legends of Figure 4 and 


Table 1 
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Table 1 MALDI-TOF mass analysis of glycopeptides from mono- and bis- 
giycosylated lysozyme 


In mass spectra of the listed glycopeptides, arbitary units were evaluated that corresponded to 
calculated masses within 1 Da and represented at least 1% of the total The calculations were 
based on carbohydrate structures containing the core unit with one fucose, two Macely+- 
glucosamine and three mannose residues Further additions were 0—4 Macetyineuramunic acid 
(sialic acid) residues (this number being represented by the first digit of the code) and 0-6 
MacatyHactosamine disaccharide units (this number being represented by the second digit of 
the code) The masses of the peptide moiebes were calculated for amino acid sequences 
Tyr ys (MGA and IIBGA), Tyr—~Arg® (IIBGB) and Ala—Ary® of the carbaxymethylated 
mutant lysozyme 


Glycopeptides (% of arbltary units) 
Structure 
(code) IIMGA IIBGA IIBGB IVTMG IVTBG 
ü2 145 99 1.1 
03 76 
12 415 81 159 185 51 
13 129 54 71 77 44 
14 17 22 38 
15 48 
22 158 512 482 356 150 
23 36 214 179 119 81 
24 52 37 31 88 
25 28 11 12 83 
26 33 
33 18 14 47 | 
34 19 13 17 127 
35 43 32 13 121 
36 10 38 
37 11 
45 15 
46 13 





The spectra obtained from glycopeptides of mono-glycosylated 
lysozyme (IIMGA and IVTMG) and from glycopeptides 
associated with site IT in bis-glycosylated lysozyme (IIBGA and 
IIBGB) were much simpler than those of IVIBG. The pre- 
dominant mass values in the former corresponded to mono- and 
bis-sialylated biantennary oligosaccharides. As an example, a 
mass spectrum of the glycopeptide IIBGB is shown in Figure 6. 
In Table 1 the relative abundance of oligosaccharides containing 
different numbers of sialic acid residues and N-acetyl-lactosamine 
units was estimated from the relative frequency of arbitrary mass 
units in spectral measurements of the examined glycopeptides. 
The pattern of oligosaccharides in glycopeptide IIMGB (results 
not shown) was similar to those of IIBGA, IIBGB and IVTMG. 
A common feature of oligosaccharides associated with these 
glycopeptides, in distinction to IVTBG, was the predominance of 
smaller mass values corresponding to biantennary oligo- 
saccharides with either no or few N-acetyl-lactosamine repeats 
(Table 1). 

In the former group of glycopeptides, the mass of the main 
peak indicated the presence of bis-sialylated biantennary oligo- 
saccharide (code 22). The amounts of larger oligosaccharides 
containing more N-acetyl-lactosamine units (codes 23-25) corre- 
sponded on average to approx. one third of the bis-sialylated 
biantennary oligosaccharide without repeats (code 22). Owing to 
the limits in quantitative interpretation of mass spectra it should 
be stressed that the relative contents of the elongated oligo- 
saccharides that could be estimated from spectra of glycopeptides 
from mono-glycosylated lysozyme (Table 1 and Figure 6) agreed 
well with the intensity patterns of silver-stained bands of the 
lysozyme that the glycopeptides originated from (Figure 1) and 
of the radioactive bands of mono-glycosylated lysozyme contain- 
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ing either glycosylation site that were inspected in this (Figure 
7, below) and previous studies [9]. SDS/PAGE of mono- 
glycosylated lysozyme containing more than two N-acetyl-lacto- 
samine units showed that it was nearly completely digested by 
endo-f-N-acetylglucosaminidase F2, indicating that the larger 
species contained predominantly biantennary oligosacchandes 
with N-acetyl-lactosamine repeats. 

A significant portion of all glycopeptides contained incom- 
pletely sialylated oligosaccharides. The proportions of partially 
sialylated forms varied among the different glycopeptides. It was 
highest in IIMGA and lowest in IIBGA. The incomplete 
sialylation seemed to be related neither to the origin of the 
glycopeptides from mono- and bis-glycosylated lysozyme nor 
the separation in HPLC of site II glycopeptides into fractions A 
and B. Thus in one case À was less sialylated, while in the other 
case B was less sialylated. Papac et al. [17] have discussed in 
detail factors that contribute to loss of sialic acid from glyco- 
conjugates during the preparation and analysis of samples in 
MALDI-TOF mass determinations. The present measurements 
were performed in the linear mode that produces spectra without 
desialylation. However, we could not exclude a loss of sialic acid 
residues due to interactions with the acidic matrix [17]. 

From comparisons of mass signal arbitary units in different 
samples it was apparent that in glycopeptides IVTBG the content 
of N-acetyl-lactosamine repeats and of oligosaccharides with 
more than two antennae strongly exceeded those in the other 
glycopeptides (Table 1). These findings confirmed the interpret- 
ation of the shape of the HPLC peaks described above. 

In glycopeptides IVTBG among the bis-sialylated species 
(structure codes 22-26 in Table 1) molecules with two and four 
N-acetyl-lactosamine units were the most abundant. We assumed 
that the amount of the biantennary oligosaccharides with an 
increasing number of N-acetyl-lactosamine units was mono- 
tonously decreasing just as in the case of the other glycopeptides 
shown in Table 1. The relatively high apparent contents of 
oligosaccharides with 4—6 N-acetyl-lactosamine units (structure 
codes 24—26) in bis-sialylated glycopeptides IVTBG indicated 
that these were enriched in triantennary incompletely sialylated 
forms. Oligosaccharides with the codes 23—26 were likely to 
contain a decreasing proportion of bis-sialylated biantennary 
species with 1—4 additional N-acetyl-lactosamine repeats and an 
increasing proportion of bis-sialylated triantennary isomers. 
Quantitatively, the occurrence of the latter could be related to 
that of tris-sialylated triantennary oligosaccharides, among which 
those with one and two repeats (codes 34 and 36) were the major 
species (Figure 4). Similarly, oligosaccharides in peaks 72-15 are 
likely to represent mono-sialylated biantennary forms that have 
been generated through ın vitro desialylation [17] of glycopeptides 
22-25. 


Characterization of triantennary ollgosaccharides In metabolically 
labelled lysozyme 


‘MSanalyses, shown above; indicated that in molecules that were 
glycosylated at both sites, tris-sialylated oligosaccharides com- 
prising mostly the triantennary species were associated prefer- 
entially with the glycosylation site IV. We attempted to estimate 
the occurence of triantennary and elongated oligosaccharides 
using metabolic labelling, digestion of glycosylated lysozyme 
with endo-f-N-acetylglucosaminidase F2 that cleaves bian- 
tennary, but not triantennary, complex oligosaccharides, and 
digestion with endo-f-galactosidase that removes antennae con- 


` taining ^N*acetyl-lactosamine- repeats. The interpretation was 


facilitated by quantitative PhosphorImager analysis (Figure 7). 
The quantification encompassed all visible bands, however, for 


the sake of brevity, values of only a few of them will be mentioned. 
In the control, 67°, of the radioactivity was associated with 
mono-glycosylated lysozyme bearing complex oligosaccharide 
side chains (MGL in Figure 7). The most prominent band, 
lysozyme bearing a single bis-sialylated biantennary oligo- 
saccharide without repeats, represented 40°, of the total radio- 
activity. Its identity was based on resistance to endo-/-galacto- 
sidase (Figure 7) and endo-N-acetylglucosaminidase H [18],and 
sensitivity to endo-/7- NV-acetylglucosaminidase F2 (Figure 7) and 
sialidase [9]. The bands migrating in SDS/PAGE in the mono- 
glycosylated lysozyme area, behind the main band, represented 
2995 of the total radioactivity. This material was sensitive to 
endo-f-galactosidase and the cleavage products migrated in 
front of the main band that was resistant, as expected. In 
the digested sample, these bands, together, comprised 64 ^; of the 
radioactivity, thus resembling the sum of radioactivity associated 
with the starting components of mono-glycosylated lysozyme. In 
the sample that had been digested with endo-/-N-acetyl- 
glucosaminidase F2, little radioactivity was found to migrate 
immediately behind the main band where the resistant forms of 
mono-glycosylated lysozyme molecules with elongated trian- 
tennary oligosaccharides were expected, thus indicating scarcity 
of these derivatives in mono-glycosylated lysozyme. 
PhosphorImager analysis of the group of bis-glycosylated 
lysozyme molecules (BGL) comprised 29°, of the total radio- 
activity in the undigested sample. After removal of the repeats 
with endo-/-galactosidase these molecules migrated faster and, 
as expected, their quantity did not change. Due to poor band 
resolution, it was not possible to distinguish the products of 
digestion bearing different combinations of bi- and triantennary 
oligosaccharides with or without removed antennae. Digestion 
of metabolically labelled lysozyme II /IVT with endo-/- N-acetyl- 
glucosaminidase F2 was expected to remove one or two 
biantennary oligosaccharides, thus forming lysozyme with one 
(L^) or two (L^) fucosyl N-acetyglucosamine disaccharide units 
attached, respectively. As expected from the relative contents of 
mono- and bis-glycosylated lysozyme the amount of the former 
product exceeded that of the latter. A small portion of bis- 
glycosylated lysozyme contained one cleavable biantennary oligo- 
saccharide and one mannose-rich oligosaccharide, as indicated 
by the appearance of a product (mL) that migrated behind 
lysozyme with one mannose-rich oligosaccharide (mL). 
Portions of the bis-glycosylated molecules were completely or 
partially resistant to endo-/- N-acetylglucosaminidase F2. A 
minor fraction (295) appeared to contain two oligosaccharides 
even after the digestion (ttL). At least one of these was of 
complex type and contained N-acetyl-lactosamine repeats as 
indicated by the ladder-like array of the bands. It is possible that 
the resistance was due to the presence of one mannose-rich and 
one tri- or tetra-antennary oligosaccharide. The limited amount 
of this material precluded further analysis. A larger fraction of 
the resistant molecules (9 ?4 of the total radioactivity) migrated 
as a group of bands (tL in Figure 7) with apparent sizes 
intermediate between the typical mono- and bis-glycosylated 
lysozyme. This material was considered to originate from par- 
tially sensitive bis-glycosylated lysozyme, in which one site was 
sensitive and the other contained larger oligosaccharides resistant 
to endo-/-N-acetylglucosaminidase F2. We assumed that the 
latter were the source of glycopeptide IVTBG that was the major 
species contaning triantennary and elongated oligosaccharides 
(Table 1). Similarly to mass analysis of glycopeptide IVTBG, the 
pattern of bands in the group tL in Figure 7 indicated that 
triantennary oligosaccharides at site IV in bis-glycosylated 
lysozyme comprise predominantly structures with one or more 
N-acetyl-lactosamine repeats. Thus the presence of elongated 
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Figure 7 Digestion of biantennary oligosaccharides and of N-acetyi- 
lactosamine repeats in bis-glycosylated lysozyme with glycosidases 


Metabolically labelled !I/IVT lysozyme was isolated by immunoprecipitation fram secretions of 
transfected CHO cells. After solubilization, one aliquot was treated with endo- j- Macetyi- 
glucosaminidase F2, one with endo-7-galactosidase (e/7) and one remained untreated ( — ). The 
radioactivity associated with the different glycosylated forms of lysozyme was analysed by 
SDS/PAGE, fluorography and Phosphorlmaging. Positions of mono-(MGL) and bis-glycosylated 
lysozyme (BGL), lysozyme bearing mannose-rich (mL), one (tL) or two HEL) triantennary 
oligosaccharides, one (L') or two (L') fucosyl Aacetylglucosamine disaccharides and one 
fucosy! A-acetylglucosamine along with a mannose-rich oligosaccharide (mL') are indicated. 


triantennary oligosaccharides in bis-glycosylated lysozyme H/ 
IVT was documented by results from both MALDI-TOF MS 
(Figure 4 and Table 1) and enzymic digestion (Figure 7). 
Furthermore, in the pool of bis-glycosylated lysozyme that was 
isolated by hydroxylapatite column chromatography, shown in 
Figure 1, the presence of triantennary oligosaccharides was 
confirmed by digesting this material with endo-/-N-acetyl- 
glucosaminidase F2, separating the products by SDS/PAGE and 
visualizing them by silver staining (results not shown). In 
contrast, in mono-glycosylated lysozyme triantennary oligo- 
saccharides were hardly detectable. 


DISCUSSION 


The biosynthesis of N-acetyl-lactosamine repeats 1s a complex 
process and its regulation is poorly understood. Among factors 
that have been shown to enhance elongation of the repeats are 
the following: (1) synthesis of the #-1,6-linked third antenna in 
complex oligosaccharides [6,7]; (2) cell differentiation correlating 
with an increase in the activity of N-acetylglucosaminyi- 
transferase involved in elongation [4,5]; (3) slow transport 
through the Golgi apparatus in cells cultured at a decreased 
temperature [3]; (4) a lack of sialylation of complex oligo- 
saccharides [9]. Furthermore, increased synthesis of N-acetyi- 
lactosamine repeats is known to correlate with neoplastic trans- 
formation [6]. To our knowledge, the present data show for the 
first time that elongation of N-acetyl-lactosamine repeats at a 
particular carbohydrate attachment site is dependent on the 
presence of another oligosaccharide. In mutant lysozyme, 
glycosylation at Asn? (site H) enhances the synthesis of N- 
acetyl-lactosamine repeats at Asn?? (site IV). This enhancement 
results at least in part from an increase in the synthesis of the 
third antenna that is the preferred site of elongation. The 
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triantennary oligosaccharides in bis-glycosylated lysozyme con- 
tain mostly one or two repeats. Owing to the biological 
significance of the repeats as a scaffold in the synthesis of sialyl 
Lewis* substances it should be of interest to determine the three- 
dimensional structures of natural Lewis*-bearing molecules and 
examine these for the presence of multiple carbohydrate residues 
that might be spaced similarly to glycosylation sites II and IV 
in the mutant lysozyme. 

Carlsson and Fukuda [19] have reported that in lamp proteins 
N-acetyl-actosamine repeats are confined to particular 
glycosylation sites and suggested that their synthesis might 
depend on the accessibility of the sites, as well as on the three- 
dimensional structure surrounding them. Our results with an 
engineered glycoprotein that is not related to lamp proteins 
extend the ideas of these authors and suggest that the synthesis 
of the repeats may be independent of any protein signal. As 
observed in bis-glycosylated lysozyme the processing signal seems 
to be associated with a carbohydrate rather than protein. 
Furthermore, the effect depends on the location of this carbo- 
hydrate. Thus as reported previously [11], 1n bis-glycosylated 
lysozyme the characteristic processing at site IV is observed if a 
second carbohydrate is located at site II (Asn*5, but not at site 
I (Asn**). 

Our findings are based on the separation of glycopeptides 
representing glycosylation sites H and IV from both mono- and 
bis-glycosylated lysozyme and their mass spectral analysis. We 
are aware that quantitative evaluation of arbitary units in mass 
spectra must be interpreted with caution. For this reason we 
should point out that in. mono-glycosylated lysozyme, with 
predominantly biantennary oligosaccharides, the relative pro- 
portions of molecules with increasing numbers of N-acetyl- 
lactosamine repeats, as observed in either silver-stained 
gels (Figure 1) or Phosphorlmaged metabolically labelled 
lysozyme (Figure 7) are similar to those found in MALDI-TOF 
spectra of corresponding glycopeptides (Table 1). It has been 
shown that during MALDI-TOF sample preparation and/or 
measurement a partial desialylation of oligosaccharides may 
occur [17]. We have observed previously that in CHO cells 
oligosaccharides in mono-glycosylated lysozyme appear to be 
nearly completely sialylated [9]. Therefore we assume that the 
contents of completely sialylated bi- and triantennary oligo- 
saccharides at site IVT in bis-glycosylated lysozyme may be 
higher than can be anticipated from the present mass spectrum 
results. Although mass spectral analysis indicates how many N- 
acetyl-lactosamine units are present it does not differentiate 
between isomers. However, from mass values the minimum 
number of sialic acids and, thus of antennae, can be estimated. 
Our finding on the increase in branching of the oligosaccharides 
at site IV in lysozyme II/IVT is based on the increase in both the 
contents of tris-sialylated oligosacharides and the resistance of 
oligosaccharides towards endo-f-N-acetylglucosaminidase F2. 

Two or more f-1,3- N-acetylglucosaminyltransferases are likely 
to participate 1n the synthesis of the elongating units in N-linked 
oligosacchandes. The known candidates are the elongating 
f-1,3-N-acetylglucosaminyltransferase [20] and a novel £-1,3- N- 
acetylglucosaminyltransferase that is related to £-1,3-galactosyl- 
transferases [21]. In complex oligosaccharides elongation 
proceeds preferentially at the 5-1,6-linked antenna [22] and the 
synthesis of this antenna in glycoproteins is increased in meta- 
static tumour cells [23]. This so-called Warren-Glick phenom- 
enon has been explained by a cancer-related increase in the 
activity of N-acetylglucosaminyltransferase V [24,25]. Our results 
suggest that this enzyme may preferentially modify particular 
carbohydrate side chains in the context of an additional glycosyl- 
ation. In lysozyme H /IVT the modification of the oligosaccharide 
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at the glycosylation site IV appears to result from the presence of 
carbohydrate at glycosylation site II. Thus a question may be 
raised whether isolated £-1,6-N-acetylglucosaminyltransferase V 
can be activated by oligosaccharides that are attached to the 
substrate protein near the acceptor carbohydrate. This enzyme 
has been the subject of numerous enzymological studies [26—31]. 
However, to our knowledge its activation by carbohydrate side 
chains has yet to be examined. 
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Multiple conserved segments of E1 small nucleolar RNA are involved in the 
formation of a ribonucleoprotein particle in frog oocytes 
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EI/U17 small nucleolar RNA (snoRNA) is a box H/ACA 
snoRNA. To identify El RNA elements required for its assembly 
into a ribonucleoprotein (RNP) particle, we have made sub- 
stitution mutations in evolutionarily conserved sequences and 
structures of frog El] RNA. After E1 RNA was injected into the 
nucleus of frog oocytes, assembly of this exogenous RNA into an 
RNP was monitored by non-denaturing gel electrophoresis. 
Unexpectedly, nucleotide substitutions in many phylogenetically 
conserved segments of E1 RNA produced RNPs with abnormal 
gel-electrophoresis patterns. These RNA segments were at least 
nine conserved sequences and an apparently conserved structure. 


In another region needed for RNP formation, the requirement 
may be sequence(s) and/or structure. Base substitutions in each 
of these and in one additional conserved E1 RNA segment 
reduced the stability of this snoRNA in frog oocytes. Nucleolar 
localization was assayed by fluorescence microscopy after in- 
jection of fluorescein-labelled RNA. The H box (ANANNA) 
and the ACA box are both needed for efficient nucleolar 
localization of frog El RNA. 


Key words: nucleolar localization, snoRNA element, snoRNA 
stability, snoRNP asssembly, Xenopus laevis. 





INTRODUCTION 


There are many small nucleolar RNAs (snoRNAs) in the 
eukaryotic cell that function in the maturation of ribosomal 
RNA (reviewed in [1—4]). Most snoRNAs belong to one of two 
families. Box C/D snoRNAs have conserved sequence elements 
named box C (UGAUGA) and box D (CUGA) [1,5]. Some box 
C/D snoRNAs function in pre-rRNA cleavage processing; most 
guide 2-O-ribose methylation of pre-rRNA [6,7]. In the second 
family, box H/ACA snoRNAs have the conserved motif ACA 
and box H (ANANNA) [8,9]. Some box H/ACA snoRNAs have 
roles in pre-rRNA cleavage; most direct pseudouridine synthesis 
in pre-rRNA [10,11]. E1/U17 is an H/ACA snoRNA [12-16]. 
El RNA differs from most H/ACA snoRNAs in several aspects. 
First, it is required for the accumulation of mature 18 S rRNA 
[17]. Secondly, an rRNA ‘pseudouridylation pocket’, present in 
all the rRNA pseudouridylation guide snoRNAs, has not been 
found in El RNA [11]. (An rRNA pseudouridylation pocket 
consists of two sequences, one on each side of an internal loop 
structure of a snoRNA, that are complementary to two pre- 
rRNA sequences that flank a pseudouridylation site [11].) 
Thirdly, E1 RNA interacts directly (psoralen-photo-crosslinks) 
in vivo with two segments of pre-rRNA [13] which do not have 
any pseudouridylation sites that could be potentially guided by 
El RNA through the base-pairing mechanism of the known 
rRNA pseudouridylation guide snoRNAs. 

Assembly into its ribonucleoprotein (RNP), usually its func- 
tional form, is an important process in the life cycle of most 
RNA species. Identification of the necessary RNA cis-acting 
elements is a valuable step towards studying RNP biogenesis 
For each box C/D snoRNA species studied thus far, few RNA 
elements required for RNP assembly have been identified [18,19], 
and less is known about these elements in box H/ACA snoRNAs. 
We set out to identify the E1 RNA cis-acting elements needed for 
formation of its RNP. In the present study, an unexpectedly high 
number of phylogenetically conserved segments of E] RNA was 
found to be involved in the formation of its RNP in owo. 


EXPERIMENTAL 
Synthesis of mutants 


Sequence f of Xenopus laevis E1 RNA was used, since it is 
expressed [16] and functional [17]. Site-specific base-substitution 
mutants were made by PCR-based in vitro mutagenesis. In the 
conserved sequences, nucleotide substitutions were G to C, C to 
G, A to U and U to A. In segments where sequence phylogeny 
indicated that the structure was conserved but the sequence was 
not [20], base substitutions were designed to prevent base pairing 
to the putative partner nucleotide on the opposite strand. For 
example, substitution was to G when the apparent base-pairing 
partner was a G, etc. The RNA sequence of the segment 
substituted in each mutant is shown in Table 1. A bacteriophage 
T7 RNA polymerase promoter was added to each product 
during PCR amplification so that each mutant RNA was made 
directly from a PCR product. Internal snoRNA mutations were 
made by a modification of the method for ‘megaprimer’ PCR- 
based mutagenesis [21]. The mutants were sequenced after the 
last PCR amplification. Their sequencing ladders were sufficiently 
clean, so that it was not necessary to clone the final PCR 
products. 


Synthesis of RNA 


Uncapped RNAs were synthesized in vitro with bacteriophage 
T7 RNA polymerase, using PCR products as templates. The 
synthetic (wild-type and mutant) E1 RNAs had the same 3’ end 
as natural El RNA, and two extra G residues at the 5’ terminus. 
The final concentrations of the four nucleotides were 0.5 mM to 
synthesize unlabelled RNA. To make ??P-labelled RNA, [a- 
"PlIUTP was added and the final concentration of UTP was 
25 uM. Fluorescein-labelled RNA was made using 12 uM 
fluorescein-UTP and 384M UTP. After PAGE, the level 
of fluorescein incorporation was quantified by scanning with 
450-nm excitation light in a Storm 860 scanner (Molecular 


Abbreviations used snoRNA, small nucleolar RNA, RNP, ribonucleoprotein, snoRNP, small nucleolar RNP 
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Table 1 
mutant 


Nucleotide positions correspond to those shown in Figure XA) Upper-case letters in the 
sequences denote substituted nucleotides, lower-case lefters are unchanged bases. 


RNA sequences of the segments substituted in each ET RNA 


Mutant number Nucleotide positions RNA sequence 


1 2-7 GGUUGC 
2 7-13 CACCUGU 
3 15-22 GACUACUC 
4 20—22 CUC 
5 27-29 GAG 
6 35-43 CCGAGACAG 
i 4754 CACCG 
8 56—61 CCCUCG 
9 67—69 GGA 
10 85--87 CAU 
11 1-93 GGG 
12 97.99 GGU 
13 109—114 UgUacU 
14 114—117 UuCG 
1 153—155 GAC 
16 153—158 GACGUA 
{7 157-164 UAUAAGGAU 
18 188—171 GAAG 
19 173-376 GUgU 
20 196—199 CCUC 
21 202—210 UUUGGUACG 
22 216—218 UGU 





Dynamics, Sunnyvale, CA, U.S.A.). To measure the amount of 
RNA made, the gel was then stained with SYTO 61 (Molecular 
Probes, Eugene, OR, U.S.A.) and the gel was scanned with 
635-nm excitation light in the same apparatus. 


RNA stability in vivo 


Isolation of X. laevis oocytes, nuclear injections (9 or 18 nl per 
oocyte), and oocyte incubations were as described earlier [22]. 
?*P-Labelled wild-type or mutant El RNA was mixed with ??P- 
labelled yeast tRNA. Each mixture had Blue Dextran at a final 
concentration of 20 mg/ml, to verify which injections had reached 
the nucleus [23]. Some aliquots of each mixture were injected into 
oocytes and other aliquots were loaded on to electrophoresis 
gels. Oocytes were incubated for 20 h at 18 °C, and then their 
nuclei were isolated manually in oil [24]. Only oocytes with 
blue nuclei were analysed. RNA was extracted from whole 
oocytes with proteinase K, phenol and chloroform, and was 
fractionated by 10°, PAGE in the presence of 7M urea. 
Incorporation of ?P was quantified by Phosphorlmaging, using 
the scanner mentioned above. 


Formation of RNA-protein complexes in vivo 


A mixture of **P-labelled RNA and Blue Dextran, with and 
without a 10- or 100-fold molar excess of competitor unlabelled 
RNA, was injected into the nuclei of frog oocytes. After 4 or 20 h 
of incubation at 18 °C. nuclei were isolated. Each blue nucleus 
was mixed with 10 4l of 50 mM Tris/50 mM boric acid/1 mM 
EDTA, and broken up by pipetting briefly with a pipettor 
disposable tip. The nuclear contents were kept on ice and were 
loaded on to electrophoresis gels as quickly as possible. Non- 
denaturing 5°, PAGE was in 50 mM Tris/50 mM boric acid/ 
| mM EDTA, at 4 °C. 
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Nucleolar localization of RNA 


Fluorescein-labelled, wild-type or mutant E] RNA (0.2 ng per 
oocyte), mixed with ??P-labelled, wild-type frog El RNA 
(0.02 ng per oocyte), was injected into the nucleus of oocytes. 
The nucleus was isolated after 2h of oocyte incubation. The 
nuclear contents of each oocyte were dispersed on a glass slide as 
described in [25]. The amount of **P in each nuclear-contents 
spread was quantified by Phosphor] maging to monitor the extent 
of injection delivery into the nucleus. Only the nuclear spreads 
with high levels of P were analysed further. The nuclear 
contents were visualized by fluorescence microscopy [26] and 
phase microscopy. 


RESULTS 
RNP formation in vivo 


The presence of endogenous El RNA in a small nucleolar RNP 
(snoRNP) particle in vivo has been observed by glycerol-gradient 
sedimentation [13]. In previous studies, the formation of RNPs 
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Figure 1 Exogenous E1 RNA assembles into a specific RNP in vivo 


A mixture of **P-labetled, wild-type frog Et RNA and Blue Dextran was injected into the nuclei 
of frog oocytes, followed by 4 h of oocyte incubation. Nuclei were isolated and, if blue (indicating 
that the injection had reached the nucieus), their contents were fractionated by non-denaturing 
PAGE (lane 2). As a control, E1 RNA was loaded directly on ta the same gel (lane 1). As another 
control, £1 RNA was mixed with the contents of a nucleus from a non-injected oocyte (same 
amount of Et RNA, nuclear contents and buffer, and buffer composition as in lane 1! and loaded 
directly on to the gel dane 3). Frog oocytes were injected into the nucleus with “P-labeled, 
frog ET RNA alone Gane 5), and mixtures of this RNA with a 10-fold excess of unlabelled frog 
ET RNA (IEL lane 4), a 10-told excess of unlabelled human ET RNA (RET, lane 6), and a 100- 
told excess of unlabelled {RNA (lane 7). The migration of the RNP formed in vivo is indicated 
by the arrowheads. Lanes 4—7 and 1—3 are from long and short electrophoretic runs. 
respectively. 
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Figure 2 Substitution mutants of frog E1 RNA (top panel) and summary of segments conserved In E1 RNA that are involved in the RNP formation and/or 


stability /n vivo of E1 RNA (bottom panel) 


(Top panel) Vertebrate Et RNA consensus sequence and consensus secondary structure are based on comparative sequence phylogeny, including co-vanation analysis [20] Nucleotides conserved 
in ET RNA are in standard print Non-conserved nucieohdes of sequence fof X @evis E1 RNA [16] are in italics The 22 mutants were as long as the wild-type sequence A number both identrhes 
each mutant and the segment substituted in that mutant The substituted segment of each mutant is Indicated, both by a line next to each changed nucleotide and by showing the sequence of 
the segment substtuted in each mutant, next to the wild-type full-length) sequence Sequence co-vanations [20] are indicated by black rectangles (Bottom panel) Conserved segments that are 
involved in E1 RNP formation and snoRNA stability ın wwo are apparently (I) sequences in four regions (hatched boxes), (il) one sequence In each of frve regions, plus either the other sequence 
or the structure in that region (black boxes), (iif) a structure (grey bax) and (Iv) sequence(s) and/or structure in one region (white boxes) An additronal conserved segment whose mutation decreases 
Ei RNA stability is apparently a structure (box with verbcal Ines) For simplicity, these segments are labelled with the same numbenng as the mutants (see top panel) 


was analysed by immunoprecipitation. Immunoprecipitation 
would fail to detect (1) RNA elements needed for those inter- 
actions with proteins that are not required, directly or indirectly, 


for association of the RNA of interest with the protein targeted 
by the antibody, and (ii) RNA elements needed only for RNP 
conformation. In addition, there are no known antibodies that 
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Figure 3 RNP assembly of different E1 RNA mutants jn vivo 
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(A) °’P-Labelled, wild-type £1 RNA (WT) or mutant ET RNA (numbered above each lane as in Figure 2, top panel), mixed with Blue Dextran, was injected into the nuclei of frog oocytes that 
were then incubated for 4 h (lanes 1—7 and 11—28) or 20 h (lanes 8-10 and 29—31). The nucleus of sach oocyte was isolated and, if blue, its contents were fractionated by non-denaturing PAGE. 
Gaps between lanes indicate separate electrophoreses. (B) Non-denaturing PAGE of wild-type and mutant £1 RNAs that had been synthesized in vitro and deproteinized, without injection into oocytes. 


(C) Same as (B), but analysed on denaturing (7 M urea) 10% PAGE. 


recognize only the El snoRNP. It appeared that the non- 
denaturing gel electrophoresis typically used for gel mobility- 
shift analysis would be a more general assay to monitor RNP 
formation in whole cells. Potentially it could detect (i) the failure 
of the RNA to associate with any of the protein components of 
the RNP, and (ii) changes in RNP conformation. We chose to do 
this assay in vivo rather than in vitro because El RNA function, 
including snoRNA 'add-back'" experiments, can be monitored in 
whole cells [17] but not in cell-free systems ([27], but see [27a]. 
We injected uncapped RNAs because natural (endogenous) El 
RNA is not capped and is metabolically long lived, and uncapped, 
synthetic, wild-type E1 RNA is also long lived in vivo (see below). 
After being injected into frog oocytes, in vitro-synthesized, wild- 
type El RNA assembled into an RNP, since its electrophoretic 
mobility was much lower than that of free EI RNA (Figure 1, 
lanes 1 and 2). This particle, made of exogenous RNA and 
endogenous proteins, is functional, since it reverses a blockage in 
pre- rRNA processing in El-depleted oocytes and this reversal is 
RNA-sequence-specific [17]. In contrast, naked E1 RNA does 
not reverse blocked pre-rRNA processing in vitro ([27], but see 
[27a]). EI RNA, mixed with the contents of an isolated oocyte 
nucleus, generated a smear on gel electrophoresis (Figure 1, lanes 
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2 and 3), indicating that the RNP assembly of injected El RNA 
requires incubation i vivo. This smear could not be caused by 
testing overly concentrated RNA because that sample had the 
same RNA concentration as the samples in the other lanes, and 
the smear was reproducible. Exogenous Ei RNA assembles into 
an RNA-sequence-specific RNP particle, since this assembly was 
blocked by an excess of frog El RNA, but not tRNA (Figure 1, 
lanes 4, 5 and 7). For higher resolution, these were long 
electrophoretic runs in which free El RNA ran off the gel. 
However, these results represent competition because they were 
very reproducible. This RNP assembly depends on conserved 
segments of El RNA, since human El RNA competed with frog 
EI RNA (Figure l, lanes 5 and 6). This suggests that at least 
some of the proteins that bind El RNA specifically do so by 
recognizing conserved segments of this snoRNA. The high 
mobility of this RNP particle in 5%, PAGE indicates that this 
complex is small, as expected from the sedimentation rate of the 
endogenous El snoRNP [13]. This RNP is nucleolar, since 
the injected El RNA localized in nucleoli (see below). 
Evolutionarily conserved El RNA sequences and secondary 
structures were identified before, based on comparative sequence 
phylogeny, including co-variation analysis [20]. To identify the 
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Figure 4 Stability of E1 RNA mutants in vivo 


(A) Stability of some Et RNA mutants, relative to tRNA. A mixture of “P-labeled tRNA, Biue 
Dextran and "P-labelled wild-type (WT) or mutant (numbered as in Figure 2, top panel) El 
RNA was injected into the nuciei of oocytes that were then incubated for 20 f. Only oocytes 
whose nuclei were blue (indicating a successful nuclear injection) were harvested. RNA 
extracted from whole oocytes was analysed by denaturing 10% PAGE, and then exposed to X- 
ray film. RNA mixtures before injection ( — ) and after oocyte incubation (+) are shown. Gaps 
between lanes indicate separate electrophoreses. (B) Stability of E1 RNA mutants, relative to 
(tRNA and then to) wild-type Et RNA. Alter oocyte injection and incubation, and gel 
electrophoresis as in (A), the radioactive bands were quantified by Phosphorlmaging. In each 
sample, the amount of radiolabelled E1 RNA was normalized by the level of radioactive tRNA. 
Then, the remaining amount of each mutant E1 RNA was corrected in reference to the remaining 
level of wild-type E1 RNA (WT). 


E! RNA segments involved in RNP formation, we made a series 
of base-substitution mutants of frog El RNA, in phylogenetically 
conserved sequences and secondary structures (Figure 2. top 
panel). Surprisingly, base substitutions in many conserved seg- 
ments of EI RNA resulted in abnormal RNP PAGE patterns 
(Figure 3A). The RNP smears were not caused by snoRNA 
degradation. since we verified that each of the E] RNA mutants 
still migrated electrophoretically as a narrow, single RNA band 
after these oocyte incubations (results not shown). (A number 
both identifies each mutant and the segment substituted in that 
mutant.) The PAGE pattern differences between each mutant El 
RNA and wild-type EI RNA, including the RNP smears, could 
not be caused by differences in the amount of E1 RNA injected 
per oocyte, or by differences in the amount of nuclear contents 
loaded per gel lane, because of the following. First, we injected 
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the same amount of mutant EI RNA and wild-type EI RNA per 
oocyte, and monitored delivery into the nucleus by co-injecting 
Blue Dextran with each sample. Secondly, the PAGE pattern 
differences between each EI. RNA mutant and wild-type El 
RNA, including the RNP smears. were seen in multiple oocytes 
that were analysed individually. Thirdly, we saw the same PAGE 
patterns when loading either most of the nuclear contents of one 
oocyte per gel lane or one-tenth or less than that amount from 
the same oocyte per gel lane. In the examples shown in Figure 
3(A), four mutants and their wild-type controls are shown alter 
20 h of post-injection oocyte incubation, and the other mutants 
and their wild-type controls are shown after 4h of oocyte 
incubation, The differences in PAGE mobility between the RNP 
of each mutant snoRNA and the RNP of the wild-type snoRNA 
were seen both after 4 h and after 20 h of post-injection oocyte 
incubation. The differences in signal intensity among gel lanes do 
not necessarily represent recovery variations. Instead, these 
differences were caused (i) by loading on gels the contents of 
various percentages of one oocyte nucleus. to have wild-type 
controls in many sections of some gels, and (11) by showing 
autoradiographs from different times of X-ray film exposure, to 
make the differences in electrophoretic migration patterns as 
visible as possible. 

Deproteinized molecules of most mutant El RNAs migrated 
with or very close to wild-type. naked EI RNA in non-denaturing 
PAGE: the exceptions were mutants 3, 8. 11 and 20 (Figure 3B). 
However, in these gels, the mobilities of deproteinized molecules 
of mutants 8, 11 and 20 relative to wild-type snoRNA (Figure 
3B) were substantially different from the relative migrations of 
the corresponding RNPs (Figure 3A). Therefore. for 20 of these 
mutants the abnormal RNP PAGE patterns do not simply reflect 
a corresponding difference in migration of naked RNA. We 
cannot draw conclusions about mutant 3, since its mobility 
relative to wild-type was similar in RNPs (Figure 3A) and 
isolated RNA (Figure 3B). Deproteinized molecules of all these 
mutant snoRNAs co-migrated, as single bands, with wild-type 
EI RNA in denaturing PAGE (Figure 3C). Only mutants 8 and 
11 showed double bands of naked EI RNA in non-denaturing 
PAGE (Figure 3B). Interestingly, segments 8 and I} are on 
opposite strands of the same double helix in the phylogeny-based 
model of EI RNA secondary structure (Figure 2, top panel) [20]. 
These results suggest that this double helix exists. 

With regard to segments 10, 13, 14. 19 and 22. (1) thev are 
evolutionarily conserved sequences in EI. RNA, (i) they are in 
single-stranded regions in the phylogeny-based model of El 
RNA secondary structure (Figure 2, top panel) [20], and (ii) 
substitution of their nucleotides produced abnormal RNP 
patterns (Figure 3A). This suggests that, in these segments, their 
sequences are needed for EI RNP formation, Segments 7 and 12 
(i) are evolutionarily conserved sequences in EI RNA, (i) are on 
opposite strands of the same double helix in the phylogeny-based 
model of E} RNA secondary structure (Figure 2, top panel) [20]. 
and (iii) substitution of their bases generated abnormal RNP 
PAGE patterns that differed from each other (Figure 3A). If this 
double helix were the only requirement from this region for El 
RNP formation, mutants 7 and 12 would be expected to have the 
same RNP PAGE pattern. Therefore, these results suggest that 
EI RNP formation requires both (i) the sequence of one of these 
two segments; and (ii) either the sequence of the other segment 
or this double helix. These observations, and therefore these 
conclusions, about the pair of segments 7 and 12 also apply to 
the four pairs of evolutionarily conserved segments 2 and 6, 4 
and 5, 8 and 11, and 18 and 20 (Figures 2, top panel, and 3A). 

Mutant 9 has an abnormal RNP PAGE pattern (Figure 3A). 
In segment 9, RNA structure appears to be involved in EI RNP 
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PC FL 
Figure 5 — Nucleolar localization of exogenous wild-type and mutant E1 RNAs 
Frog oocytes were injected into the nucleus with mixtures of "*P-labelled 


irog Et RNA (WT), and Et mutants 13, 16, 21 and 22 Some 
The level of **P in the nuclear contents (extent of nuclear ini 
microscopy (FL). Scale bar, 10 um. 


formation, because (i) segment 9 has been shown to be in a 
double helix, since this section has had multiple base co-variations 
during evolution; and (ii) this segment does not have any 
conserved nucleotides (Figure 2, top panel) [20]. Segments 15-17 


are base-paired to segment 21 in the phylogeny-based model of 


EI RNA secondary structure (Figure 2, top panel) [20]. Mutants 
15-17 and 21 each resulted in similarly abnormal RNP PAGE 
patterns (Figure 3A). Therefore, RNA sequence(s) and/or struc- 
ture may be involved in these phenotypes. It might not be only 
RNA structure, since the RNP PAGE patterns of mutants 15-17 
and 21 did not appear identical (Figure 3A). When mutated, not 
all conserved segments generated abnormal RNP PAGE 
patterns. For example, substitution of segment | produced an 
RNP that co-migrated electrophoretically with the RNP of wild- 
type EI RNA (Figure 3A). 


snoRNA stability in vivo 


Metabolic stability is an important aspect of the life cycle of any 
RNA molecule. A few elements needed for snoRNA stability i 
vivo have been identified in box C/D snoRNAs [18,26,28-31]. 
Information about El RNA segments involved in snoRNA 
Stability Zn vivo was also of interest both to correlate it with the 
preceding results on El RNP formation and to plan the search 
for EI RNA nucleolar-localization elements (see below). The 
effect of the mutations shown in Figure 2 (top panel) on 
the metabolic stability of EI RNA was tested next. We injected 
RNAs that were not capped because uncapped, im vitro- 
synthesized, wild-type El RNA is long lived in vive (Figure 4A) 
and natural El RNA is not capped. A mixture of radioactive 

tRNA and wild-type or mutant El RNA was injected into 
oocytes, which were then incubated for 20 h. Base substitutions 
in all the regions of EI. RNA that produced abnormal RNP 
PAGE patterns also decreased the stability of this snoRNA in 
Au o (Figure 4B). RNA sequence is apparently involved in segment 
2, since (1) mutant 6 was substantially more stable (Fi igure 4B). 
and segments 2 and 6 are on opposite strands of the same double 
helix in the phylogeny-based model of El RNA secondary 
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structure and (1) the six nucleotides in segment 2 are evo- 
iutionarily conserved in EL RNA (Figure 2, top panel) [20]. In 
addition, mutant | was unstable in oocytes (Figure 4B), although 
its RNP PAGE pattern was apparently normal. In segment |, 
RNA structure is apparently involved, because (i) at least four 
out of the six nucleotides in segment | are not evolutionarily 
conserved in EI RNA, and (i) segment 1 has been shown to be 
in a double helix, since this section has had multiple base co- 
variations during evolution (Figure 2, top panel) [20]. The 
instability of the mutants was not caused specifically by lacking 
a S end cap. since the injected wild-type EL RNA was also 
uncapped but was long lived in viro. 


snoRNA nucleolar localization 


snoRNAs require nucleolar-localization elements, when nascent. 
to be transported from the nucleoplasm to the nucleolus, and 
when mature. to remain in the nucleolus between mitoses. The 
nucleolar-localization elements of box C/D snoR NAs have been 
identified. [26,30-33]. For cellular-localization experiments, 
oocytes were incubated for 2 h after injection, since the levels of 
many of these mutants dropped appreciably after 20 h of oocyte 
incubation (Figure 4B). Fluorescein-labelled, wild-type EI RNA 
injected into the nucleus migrated to nucleoli; the intensity of 
this signal can be compared with non- injected oocytes (Figure 5). 
Oocytes injected with fluorescein-labelled tRNA gave low back- 
ground fluorescence images similar to those of non-injected 
oocytes (results not shown). The prominent structures in Fi gure 
3 re the large nucleoli of Xenopus laevis oocytes, since the nuclei 

f these cells do not have any other structures of this size, 
s Pi and abundance [34]. 

Mutants 13 and 22 (substituted in boxes H and ACA, 
respectively) localized poorly to nucleoli (Figure 5). These results 
were not due to instability of these mutants. After 2 h of oocyte 
incubation, in stability-quantification experiments similar to 
those in pupal 4(B), we measured similar stabilities in mutants 
13 and 22 and in mutants that localized efficiently in the nucleolus 
(results not shown). Mutants 16 and 21 are shown as examples 
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of those positive controls (Figure 5). These data were not caused 
by low injection delivery into the nucleus, since each sample was 
co-injected with **P-labelled, wild-type El RNA, and nuclear 
delivery was quantified by PhosphorImaging. 


DISCUSSION 


Unexpectedly, we have identified 11 evolutionarily conserved 
regions in U17 RNA that are needed for U17 RNP formation in 
vivo. Similar results have not been reported in other H/ACA 
snoRNPs, any other snoRNPs, or apparently any other RNP. 
Figure 2 (bottom panel) summarizes the conserved sequences 
and structures of El RNA whose base substitution interfered 
with the RNP formation and/or metabolic stability of this 
snoRNA. At least some of the abnormal RNP PAGE patterns 
are expected to be caused by the failure of proteins to bind El 
RNA, which 1n some cases might be coupled to changes in RNP 
shape. Others might result instead from an alteration in the 
conformation of the RNP, preserving the number of bound 


polypeptides. Among the regions of El] RNA that affected RNP | 


formation, ten were detected by substitution of only three 
nucleotides each. The location of several of these three-base 
substitutions in El RNA suggests that they would not have 
major global effects on the conformation of El RNA. For 
example, three-base substitutions in four single-stranded seg- 
ments (numbers 10, 13, 19 and 22) generated four different 
abnormal RNP PAGE patterns. Indeed, most of the 22 mutations 
had no detectable effect on the conformation of naked E1 RNA 
(Figure 3B). Many of the abnormal RNP PAGE patterns differed 
from each other, implying diverse changes in the RNP. The 
different RNP PAGE patterns generated by base substitutions in 
various conserved El RNA segments suggest that, in many El 
RNA elements, each element plays a different role in RNP 
formation. These different PAGE patterns, and the separation of 
these conserved El RNA regions by evolutionarily non- 
conserved sections, suggest that many of these segments are 
separate elements. 

Most of the abnormal E1 RNP PAGE patterns were two 
bands or a smear (Figure 3A). This did not reflect an in vivo- 
induced change in the RNA, since after oocyte incubation each 
mutant El RNA, deproteinized, co-migrated with wild-type El 
RNA as a single, narrow band in denaturing PAGE (results not 
shown). In some of these cases, failure to bind a protein might 
generate two or more forms of the RNP. Except for the H and 
ACA boxes, the other snoRNA segments needed for E1 RNP 
formation and/or snoRNA metabolic stability are specific for E1 
RNA, rather than generic for the box H/ACA snoRNA family 
[4,20]. It is likely that disruptions of RNP formation at various 
El RNA segments may then decrease E1 RNA stability in vivo, 
since both were abnormal after mutating each of 11 regions of 
this snoRNA. In contrast, segment 1 is involved in snoRNA 
stability but apparently is not essential for E1 RNP formation. 

The H and ACA boxes, and the proximal stem structures in 
the 5’ and 3’ hairpins, are essential for accumulation of some 
H/ACA snoRNAs (yeast snR5, snR11 and snR36, and human 
U64) in experiments that could not distinguish RNA biosynthesis 
from RNA stability [8,9,35]. Our results indicate that RNA 
stability 1s affected in those segments, since the following frog El 
RNA mutants were very unstable: 13 (substituted in box H); 22 
(changed in box ACA); 1 (mutated in the 5’-terminal stem); and 
21 (altered in the 3’-terminal stem) These are among the most 
unstable E1 RNA mutants in frog oocytes (Figure 4). We also 
detected segments of the sno RNA involved in RNA: stability that 
had not been detected before. There are several differences 
between the work 1n [8,9,35] and ours. Those studies (1) did not 


mutate some of the snoRNA segments that we mutated, (ii) did 
not monitor RNA stability itself, but assayed for RNA ac- 
cumulation, the sum of RNA biosynthesis and RNA stability 
(then, a role of a given RNA segment in RNA biosynthesis might 
mask an additional participation of the same RNA region in 
RNA stability), (iii) focused primarily on yeast snoRNAs, and 
there are differences between yeast RNAs and their vertebrate 
orthologues and (iv) dealt with H/ACA snoRNA species other 
than El RNA, and there are differences among various members 
of a given snoRNA family [26,28,30,31,33]. 

Many snoRNA segments are involved in the stability of EI 
RNA in vivo (this study), but few snoRNA stability elements 
have been reported for box C/D snoRNAs [18,26,28-31]. 
Another factor for this apparent difference might be various 
differences in experimental design in each study. We (1) incubated 
oocytes for 20 h after snoRNA injection, which makes it easier to 
detect decreased RNA stability, (ii) injected all snoRNA mutants 
into the nucleus (snoRNÀs tend to migrate poorly from cyto- 
plasm to nucleus; they might have abnormal stabilities in their 
non-physiological subcellular compartment), (ii) co-injected 
each El RNA mutant with a long-lived, heterologous RNA and 
(iv) mutated every evolutionarily conserved sequence and struc- 
ture of the snoRNA. 

While this manuscript was being revised, it was reported that 
(i) the nucleolar localization of human U67 and El H/ACA 
snoRNAs was fully eliminated when either only box H or only 
box ACA was mutated [36], (ii) in apparent contrast, the nucleolar 
localization of frog EI RNA decreased partially when either only 
box H or only box ACA was mutated, and that 1t was completely 
abolished when both boxes were mutated simultaneously [37], 
(ni) disruption of the base of the 3’ hairpin decreased the 
nucleolar localization of human U65 H/ACA snoRNA [36] and 
(iv) box H and box ACA are elements for frog E1 RNA stability 
in vivo [37] In the present work, substitution of either 
box H alone or box ACA alone resulted in a marked decrease 
in nucleolar localization of frog E1 RNA. We did not detect less 
nucleolar localization of frog El RNA after disruption of the 
base of the 3’ hairpin (mutants 16 and 21, Figure 5). We found 
that mutation of many additional individual conserved segments 
of frog El] RNA lowered its stability in vivo. Some of the 
apparent differences in results might be related to the fact that 
the E1 RNA molecules tested were not capped in the present 
work and ın [36], but were 5'-end-capped ın [37] (natural El 
RNA is not capped). For example, a 5'-end-cap-binding protein 
(for other RNA species) might increase the stability of wild-type 
and mutant El RNAs, and might make it difficult to detect some 
snoRNA stability elements. There are also apparent differences 
in the nucleolar-localization element requirements of various 
snoRNA species that are members of the same snoRNA family 
[26,28,30,31,33]. 

In other small RNAs, very few cis-acting elements are known 
to be required for RNP assembly or RNA metabolic stability. 
The present study shows that for E1 RNA, the formation of the 
RNP and the stability of the RNA in vivo depend on a much 
larger number of phylogenetically conserved snoRNA segments. 
In view of this surprising complexity, it will be interesting to 
identify the protems whose specific interactions with these 
snoRNA elements are necessary for Ei RNP formation. 
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Involvement of cytosolic phospholipase A,, and the subsequent release of 
arachidonic acid, in signalling by Rac for the generation of Intracellular 
reactive oxygen species in Rat-2 fibroblasts 


Chang-Hoon WOO*, Zee-Won LEEF, Byung-Chul KIM*, Kwon-Soo HAT and Jae-Hong KIM"' 


*Department of Life Science, Kwang-Ju Institute of Science and Technology (K-JIST), 1-Oryong-dong, Buk-gu, Kwang-Ju, 500-712, Korea, and 
tBiomolecule Analysis Group, Korea Basic Science Institute, 52 Ueon-dong, Yoosung-gu, Taejon, 305-333, Korea 


Although there have been a number of recent studies on the role of 
Rac in the generation of reactive oxygen species (ROS), details 
of the signalling pathway remain unclear. In the present study we 
analysed the extent to which the activation of cytosolic phospho- 
lipase A, and the resultant release of arachidonic acid (AA) are 
involved in the Rac-mediated generation of ROS. Transfection 
of Rat-2 cells with RacV 12, a constitutively active form of Racl, 
induced elevated levels of ROS, as reflected by increased H,O,- 
sensitive fluorescence of 2’,7’-dichlorofluorescein. These effects 
could be blocked by inhibiting phospholipase A, or 5-lipoxy- 
genase but not by inhibiting cyclo-oxygenase. The application of 


exogenous AA increased levels of ROS but the effect was 
dependent on the further metabolism of AA to leukotrienes 
C,/D,/E, by 5-lipoxygenase. Indeed, the exogenous application 
ofa mixture of leukotrienes C,/D,/E, elicited transient elevations 
in the levels of ROS that were blocked by catalase. These findings 
indicate that phospholipase A, and subsequent AA metabolism 
by 5-lipoxygenase act as downstream mediators in a Rac 
signalling pathway leading to the generation of ROS. 


Key words: hydrogen peroxide, leukotrienes, 5-lipoxygenase, 
signal transduction. 





INTRODUCTION 


Rac, a member of the Rho family of small GTPases, mediates 
such cellular functions as the reorganization of the actin cyto- 
skeleton, cell growth and transformation, cell motility and 
. migration, and response to stress [1-6]. In addition, Rac was 
recently shown to serve as a regulator of the intracellular redox 
state of non-phagocytic cells [7-10]. Therefore, after ligand- 
evoked activation, Rac might function to regulate the levels of 
reactive oxygen species (ROS) such as superoxide (O,") and 
H,O, For example, Raci seems to mediate increases in in- 
tracellular ROS in NIH 3T3 cells exposed to tumour necrosis 
factor a or interleukin 12 [9]. However, the downstream pathway 
leading from Raci activity to ROS generation remains poorly 
characterized, especially in fibroblasts. 

It has been shown that, when activated, Rac in turn activates 
cytosolic phospholipase A, (cPLA,), and there is a resultant 
release of arachidonic acid (AA), a principal product of cPLA, 
activity [11,12]. This makes it likely that cPLA, is a major 
downstream mediator of Rac signalling. For instance, Rac- 
induced release of AA has been shown to be a component of the 
biochemical pathways by which Rac stimulates both Ca?* influx 
and Rho-dependent cytoskeletal organization in fibroblasts [11]. 
In addition, we observed that in response to tumour necrosis 
factor « or exogenously applied ceramide (a proposed lipid 
second messenger generated by sphingomyelin hydrolysis in 
response to various stresses and proinflammatory cytokines 
[13,14D, a Rac-cPLA,-AA cascade mediates c-fos serum re- 
sponse element (SRE) activation and nuclear signalling [15,16]. 

To improve our understanding of the molecular mechanism 
responsible, in the present study we assessed the respective roles 
of cPLA,, AA and 5-lipoxygenase (5-LO) in the Rac-mediated 
generation of ROS. Here we show that cPLA, and subsequent 


AA metabolism by 5-LO are involved in a Rac signalling pathway 
leading to the generation of ROS. 


MATERIALS AND METHODS 
Chemicals and plasmids 


2',7--Dichlorofluorescein diacetate (DCFDA) was obtained from 
Molecular Probes (Eugene, OR, U.S.A.); AA, MK-886, indo- 
methacin, AA-861 and arachidonyltrifluoromethyl ketone 
(AACOCF,) were from Biomol (Plymouth Meeting, PA, 
U.S.A.); leukotrienes and N-acetylcysteine were from Sigma 
Chemical Co. (St. Louis, MO, U.S.A.); anti-cPLA, antibody was 
from Santa Cruz (Santa Cruz, CA, U.S.A.); and Dulbecco's 
modified Eagle’s medium (DMEM), Phenol Red-free DMEM, 
non-essential amino acids and fetal bovine serum (FBS) were 
from Gibco-BRL (Gaithersburg, MD, U.S.A.). All other 
chemicals were from standard sources and were of molecular 
biology grade or higher. pEXV, a Myc-tagged expression vector, 
and pEXV-RacV12, an expression vector encoding RacV12 (a 
constitutively activated form of Racl), were gifts from Dr Alan 
Hall (University College London, London, U.K..). 


Cell culture, transfections and luciferase assay 


Rat-2 fibroblasts were obtained from the American Type Culture 
Collection (A. T. C. C., Manassas, VA, U.S.A.) (CRL 1764) and 
maintained in DMEM supplemented with 0.1 mM non-essential 
amino acids, 10% (v/v) FBS and penicillin (50 i.u./ml)/ 
streptomycin (50 ug/ml) (Gibco-BRL) at 37°C under a 
humidified air/CO, (19:1) atmosphere. Rat2-RacV12 cells were 
prepared by transfecting Rat-2 cells with pEXV-RacV12 and a 


Abbreviations used AA, arachidonic acid, AACOCF,, arachidonyltrifluoromethyl Ketone, cPLA, cytosolic phospholipase A, DCF, 2'7'- 
dichlorofluorescein, DCFDA, 2’,7’-dichlorofluorescein diacetate, DMEM, Dulbecco's modified Eagle's medium, FBS, fetal bovine serum, 5-LO, 5- 


lipoxygenase, ROS, reactive oxygen species; SRE, serum response element 
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neomycin resistance vector (pSV-Neo), after which clones were 
selected for 2 weeks in the presence of G418 antibiotic (0.4 mg/ 
ml), as described previously [17]. Expression of RacV12 protein 
by the transfectants was confirmed by Western blot analysis with 
an anti-Myc epitope antibody as a probe. As a control, Rat-2 
cells were transfected with the empty pEXV vector along with the 
neomycin resistance vector. 

Transient transfection was performed by plating approx. 
5 x 10? cells in 100 mm dishes for 24 h and then adding calcium 
phosphate/DNA precipitates prepared with 20 ug of DNA per 
dish. To control for variations in cell number and transfection 
efficiency, all clones were co-transfected with 1 4g of pCMV- 
PGAL, a eukaryotic expression vector containing the Escherichia 
coli f-galactosidase (lacZ) structural gene under the trans- 
criptional control of the CMV promoter. In each transfection, 
the quantity of DNA used was held constant at 20 ng by the 
addition of sonicated calf thymus DNA (Sigma). After incubation 
for 6h with the calcium phosphate/DNA precipitates, the cells 
were rinsed twice with PBS before incubation in fresh DMEM 
supplemented with 0.59, (v/v) FBS. Each dish of cells was then 
rinsed twice with PBS and lysed in 0.2 ml of lysis solution [0.2 M 
Tris/HCl (pH 7.6)/0.1 ^, (v/v) Triton. X-100], after which the 
lysed cells were scraped and centrifuged for 1 min. Supernatants 
were assayed for protein concentration and /-galactosidase 
activity. Luciferase activity was assayed with 10 4l of extract in 
accordance with the manufacturer’s protocol (Promega Lu- 
ciferase Assay System; Promega, Madison, WI, U.S.A.) and 
counted for 10 s in a Beckman liquid-scintillation spectrometer, 
using the tritum channel with the coincidence circuit discon- 
nected. Transfection experiments were performed in triplicate 
with two independently isolated sets of cells; the results were 
averaged [16]. 


cPLA, translocation by RacV12 transfection 


Rat-2 cells transiently transfected with pEXV-RacV12 were 
serum-starved for 24h in DMEM containing 0.5", (v/v) FBS. 
The medium was then removed and the cells were washed twice 
with ice-cold PBS, scraped, harvested by microcentrifugation 
and resuspended in 0.2 ml of buffer A [137 mM NaCl/8.1 mM 
Na,HPO,/2.7 mM KCl/I.5mM KH,PO,/25mM EDTA/ 
I mM dithiothreitol/0.1 mM PMSF/10 «g/ml leupeptin (pH 
7.5). The resuspended cells were then mechanically lysed on ice 
by trituration with a 21.1-gauge needle. To prepare cytosolic and 
total particulate fractions, the lysates were first centrifuged at 
100000 g for ! h. The supernatants (cytosolic fraction) were then 
precipitated with 5 vol. of acetone, incubated for 5 min on ice 
and centrifuged at 14000 rev./min for 20 min at 4°C. The 
resultant pellet was resuspended in buffer A containing 1 °, (v/v) 
Triton. X-100. The particulate fractions, which contained the 
membrane fraction, were washed twice and resuspended in 50 yl 
of buffer A containing 1°, (v/v) Triton X-100. The protein in 
each fraction was quantified with a Bradford procedure with I jl 
of extract, 799 wl of water and 200 z! of Bio-Rad Dye Reagent. 
Aliquots of protein sample (20 ul containing approx. 40 ug of 
protein) were then loaded on polyacrylamide gels for subsequent 
immunoblot assay for cPLA,,. 


Leukotriene C,/D,/E, assays 


Cells were seeded at 3 x 10° per 60 mm dish in DMEM containing 
10°, (v/v) FBS for 24 h. Cells were then rinsed twice with cold 
PBS and mixed with 4 vol. of ethanol and left at 4 °C for 30 min. 
The resulting precipitate was removed by centrifugation at 
15000 g (10000 rev./min) for 30 min at 4°C. The ethanolic 
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Figure 1 cPLA, translocation evoked by transfection with RacV12 


(A) Western biot illustrating the shit in the anti-cPLA,reactive band (arrowed at the right from 
the cytosolic fraction to the particulate fraction in Rat-2 cells transiently transfected with Q, 2 
or 5 yg of the RacVi2 expression vector, pEXV-RacV12. The quantity of transfected vector was 
kept constant by adding decreasing amounts of pEXV. Cells were then serum-starved for 24 n 
in DMEM containing 06.5% (v/v) FBS, after which the cytosolic and particulate fractions were 
prepared as described in the Materials and methods section. The positions of molecular mass 
markers are indicated (in kDa) at the ieft. (B? Western blot performed as described for (Ai and 
showing the effect of transiently transfecting Rat-2 cells with 0, 1, 2 or 3 ug of pEXV-RacV12 
of pEXV-RhoV14 (a RhoV14 expression vector encoding a constitutively activated form of RhoA} 
on cPLA, transiocation to the particulate fraction. Note that, transfection with RacV12 but not 
RhoAV14 evoked CPLA, translocation (arrowed at the right). Results are representative of three 
independent experiments. 


supernatant containing leukotrienes was collected. The ethanol 
was then removed by evaporation under vacuum and the samples 
were stored under argon at --50°C before assay for the 
leukotriene C,/D,/E, levels as described in the Leukotriene 
C,/D,/E, enzyme immunoassay system (RPN 224; Amersham 
Pharmacia Biotech). 


Measurement of intracellular H,0, 


Intracellular H,O, was measured as a function of 2,7 -dichloro- 
fluorescein (DCF) fluorescence by using the procedures of Ohba 
et al. [18]. In brief, cells were grown on coverslips for 2 days and 
then serum-starved in DMEM containing 0.5 9, (v/v) FBS for 
an additional 2 days. The cells were then stabilized in serum-free 
DMEM without Phenol Red for at least 30 min before exposure 
to agonists (AA or leukotrienes) for the indicated durations. 
When the effects of inhibitors were being assessed, cells were 
pretreated with the respective inhibitor for 30 min. To measure 
intracellular H,O,, cells were then incubated for 10 min with the 
H,O,-sensitive fluorophore DCFDA (5 g/ml). which, when 
taken up, fluorescently labels intracellular H,O, with DCF. The 
cells were then immediately observed under a laser-scanning 
confocal microscope (Carl Zeiss LSM 410). DCF-labelled 
H,O, was excited by a 488 nm argon laser, and the evoked 
emission was filtered with a 515 nm long-pass filter. DCF 
fluorescence was measured in 30 randomly selected cells. Values 
are means+S.D. for DCF fluorescence intensity in three in- 
dependent experiments. 
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Figure 2 Role of cPLA, in RacV12-mediated generation of ROS 


Serum-starved Ral-2 and Rat2-RacV12 stable cells were pretreated for 30 min 
buffer, AACOCF. (10 aM}, indomethacin (10 aM) or MKBB6 (50 nM) before the measuremen 
of levels of fluorescence. The relative intensities of H.O,-sensitive DCF ee ce ( 

units), which served as an index of the levels of ROS, were measured in DCFDA-Ipaded cells, 
Results are means -- S.D. (n = 30 cells). 
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RESULTS 
Rac-induced translocation of cPLA, 


We have previously shown that transiently transfecting cells with 
the constitutively active RacVi2 induced a dose-dependent 
release of AA that was completely abolished by pretreatment by 
mepacrine, a potent inhibitor of PLA, [12]. In the present study 
the activation of cPLA, by Rac was further characterized in Rat- 
2 fibroblasts by examining the effect of RacV12 expression on 
cPLA, translocation [19,20] (Figure !). Transient transfection of 
Rat-2 fibroblasts with 0, 2 or 5 ug of pEXV-RacV12 elicited 
rapid and dose-dependent translocation of cPLA, (molecular 
mass approx. 100 kDa) from the cytosolic fraction to the 
particulate fraction (Figure 1A). As an example, transfection 
with 5 ug of pEXV-RacV12 elicited an approx. 4.8-fold increase 
in the size of the particulate cPLA, fraction and a concomitant 
decline in the cytosolic fraction, which is indicative of the 
activation of cPLA, by RacV12. In contrast, there was no 
detectable translocation in response to transfection of pEXV- 
RhoVi4 (0. I. 2 and 3g), an expression vector encoding a 
constitutively activated form of RhoA (Figure 1 B). These results 
are therefore in good agreement with the proposed role of cPLA, 
as one of the signalling mediators downstream of Rac. 





B AA (0 min) AA (1 min) AA (2 min) 
AA (5 min) AA (10 min) AA (30 min) 


Relative DCF Fluorescence 





Figure 3 Activation of ROS by exogenous AA in a dose- and time-dependent manner 


Rat? cells were serum-starved for 2 days and then stimulated with either AA at the indicated doses (0. 5, 10. 20, 1 100 and 
(0, 1,2, 5, 10 and 30 m b DFC fluorescence intensities reflecting the relative levels o! ROS (arbitrary units) were imaged with a contocal laser 
Results are means + S.D. (9 = 30 cells). Scale bar, 30 um. 


| 200 uM) for 2 min (A) or AA (100 «M3 lor the indicated durations 


scanning fiuorescence 








scape and quar 


2000 Biochemical Society 


528 C-H. Woo and others 


PC AEA LRA SSI ————— ——————— — ——— PETER ERE ERE E E EE ERE Ft, 


CON AA 


AA + AACOCF3 


CON CON (EtOH) LTs (1 min) LTs (2 min) 





AA + INDO AA + MK886 AA + AA86I 
o 20 
c 
9 p 
= 15 
E. 
m" 
m 10 
- | 
| | : 
E: | | 
RE 
ac 0 | | BS 
e 
KA K 1, ty %, E^ 
E^ ty & ^ Ki 
“py Oo, A h % 
A can o 0 7 


Figure 4 Effect of MK-886 and AA-861 on the AA-induced generation of 
ROS 


Serum-starved Rat-2 cells were exposed to 100 aM AA for 2 min in the presence or absence 
ol PAM E Tan AM), indomethacin (10 pM), AA-861 (1 ahd) and/or MK-886 (50 nM). as 
indicated. inhibitors were added ee min pun the addition af AA. DFC uorescence was 
images s quantified as in Figure 3. Scale bar, 30 wm. Resulls are means + S.D. (n = 30 
celist 


Effect of cPLA, inhibition on the generation of ROS in RacV12 
cells 


One potential mechanism by which Rac might regulate the 
generation of ROS is via the cPLA,-AA cascade. Therefore, by 
analysing images of H,O,-sensitive DCF fluorescence, we 
assessed the extent to which pretreatment with specific inhibitors 
of cPLA, or AA metabolism attenuate Rac-mediated ROS 
generation. In comparison with Rat-2 controls, Rat2-RacV12 
cells, stably expressing RacV12, showed significantly increased 
basal DCF fluorescence (Figure 2). Pretreatment with 10 4M 
AACOCF,. a specific cPLA, inhibitor, almost completely 
blocked ROS generation in Rat2-RacV12 cells (more than 90 9; 
inhibition). Similar effects were exerted by MK-886, a specific 5- 
LO inhibitor, suggesting that cPLA, activity and the subsequent 
metabolism of AA by 5-LO are involved in the Rac signalling 
leading to ROS generation. In contrast, levels of ROS were 
unaffected by 10 4M indomethacin, a non-specific cyclo- 
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Figure 5 Application of exogenous leukotrienes induces the generation of 
ROS 


um-slarved Rat-2 cells were Maec to mixture of leukotrienes C,7D,/E, (LTs; 200 nM 
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oxygenase inhibitor. Consistent with these results was the ob- 
servation that. Rat2-RacV12 cells generated a significantly en- 
hanced level of leukotrienes, products of 5-LO, in comparison 
with control Rat-2 cells. For example, the level of leukotrienes 
Ger A Fes oe generated. in RacV12 cells was approx. 2-fold higher 
(an th " in control cells (Table 1). 


Table 1 


Hat-2, Rat2-RacN17 è celis expressing 
and Rat2-HacV12 celis is were grown for 2 


Enhanced bein of leukotrienes C,/D,/E, by RacV12 


g RacN17, a dominant-negative mutant of Ract [17]j 
hi ^ DMEM containing 10% iv/v) FBS and then 
harvested for the analysis of intracellular levels of fex Ikotrienes C /D,/E, mixture as described 
f three ingeoen 


in the Materials and methods section, Results are averages of t ependent experiments. 





1 
E 
4 
py 











Cot CIGESOHOR of 
ieuKotrienes 

TA E 
TE ia E, df DO! ami 


Ral? 168-4 
Bat2-BacN17 i2-5 
Rat2-RacV12 32 +3 


> 


110 
> 100 
E 
o 
<= 90 
ar 
4 3 
EE 80 
wa Q 
U Sm 70 
3 O 
Pd 
E: e, 60 
E: 50 
c 
40 
0 0.5 1.5 
NAC (mM) 


Rac-induced generation of reactive oxygen species 529 





Relative Luciferase Activity 


Buffer AA 


C2-ceramide 


Figure 6 Essential role of ROS in the activation of SRE by C2-ceramide and AA 


(A) Rat-2 cells were transiently transfected with 3 yg of pSRE-Luc reporter plasmid and then serum-starved for 36 h. Thereafter, cells were incubated for 30 min with the indicated concentrations 


of A-acetylcysteine (NAC) (0.5 and 1.5 mM) prior to incubation for 1 h with buffer (contrat) (TI) 


M te 


, G2-ceramide i5 uM) (OO) or AA (100 aM) (4). Cells were then harvested and relative luciferase 


activity was assessed. Resulls are expressed as percentages of control. The results shown are representative of at least three independent transfections. (B) Rat-2 cells were transiently co-transtected 
with 3 ug of pRe (vector) (open bars) or pRc-superoxide dismutase (SOD) (filled bars) along with 3 ig of pSRE-Luc reporter plasmid. DNA sample size was held at 20 4g by the addition of 
calf thymus carrier DNA. Transtectants were serum-starved for 36 h then incubated with buffer (control), AA (100 14M) or C2-ceramide (5 JAM) foc 1 h after which they were harvested and relative 
luciferase activity was assessed. Resulls are expressed as percentages of control. The results shown are representative of at least three independent transfections. 


Application of exogenous AA generates ROS via 5-LO-dependent 
pathway 


The foregoing results encouraged us to examine in more detail 
the role of cPLA, in the Rac-mediated generation of ROS. To do 
this, we first tested whether exogenous AA could stimulate ROS 
generation. After serum starvation for 48h DCDFA-loaded 
Rat-2 cells were exposed to AA at the indicated doses (0, 5, 10, 
20, 50, 100 and 200 4M) and for the indicated durations (0. 1. 2, 
5, 10 and 30 min). Consistent with the proposed role of cPLA, as 
a downstream mediator of Rac in ROS generation, the ap- 
plication of exogenous AA significantly increased DCF fluor- 
escence intensities in dose- and time-dependent ways, reflecting 
increases in the levels of ROS (Figure 3). For example, maximum 
ROS generation (approx. 2.4-fold increase over control) was 
observed within 2 min of exposure; levels declined thereafter. 

The aforementioned effect of MK-886 in Rat2-RacV 12 cells 
suggests that 5-LO activity is required for Rac-mediated ROS 
generation. To investigate the role of 5-LO further, we tested the 
effect of MK-886 and AA-861, two unrelated inhibitors of 5-LO, 
on ROS generation elicited by AA. As shown in Figure 4, each 
of the inhibitors almost entirely abolished the AA-induced 
generation of ROS (more than 90°, inhibition). In contrast, 
neither AACOCF, nor indomethacin affected AA-induced ROS 
generation, 


Exogenous leukotrienes C,/D,/E, stimulate ROS generation 


To demonstrate further the involvement of 5-LO in ROS 
generation, we then assessed the effect of leukotrienes C,/D,/E,, 
products of AA metabolism by 5-LO, on levels of ROS. As 


shown in Figure 5, the exogenous application of a mixture of 


leukotrienes C,/D,/E, (200 nM) to DCFDA-loaded Rat-2 cells 
induced an approx. 3.5-fold increase in the levels of ROS within 
2 min. Leukotriene-evoked ROS generation was not inhibited by 
pretreatment with either MK -886 or AA-861 (results not shown), 
although the addition of catalase (10 units), an oxygen radical 


scavenger, completely abolished the response. Thus 5-LO, but 
not cyclo-oxygenase, seems to have a critical role in mediating 
ROS generation via the Rac-AA cascade. 


DISCUSSION 


In the present study. the crucial role played by the cPLA,-AA- 
linked cascade in the signalling cascade leading from Rac 
activation to the generation of ROS was demonstrated by using 
three approaches: first. pretreatment with AACOCF, was shown 
to block RacV12-induced ROS generation (Figure 2); secondly, 
exogenous AA was shown to increase levels of ROS significantly 
within 2 min of application (Figure 3); and thirdly, the metab- 
olism of AA by 5-LO, yielding leukotrienes C,/D,/E,, was also 
shown to be essential for the generation of ROS (Figure 4). The 
role of 5-LO in mediating ROS generation was further demon- 
strated by a significant increase in the ROS level after the direct 
addition of leukotrienes C,/D,/E, to the cells (Figure 5). Our 
proposed mode of Rac activation of ROS via the 'cPLA,-AA"' 
signalling cascade seems very similar to that of c-fos SRE 
activation [12]. In c-fos SRE activation by Rac, essential roles of 
cPLA, activation and subsequent AA production have already 
been demonstrated [12]. Additionally, in a previous study we 
reported that 5-LO has a critical role as a downstream mediator 


Thus. the cPLA,-AA signalling cascade is apparently common 
to the Rac-mediated regulation of both ROS and SRE. To study 
whether there is any signalling link between ROS generation and 
c-fos SRE activation, we have tested whether ROS generation is 
necessary for SRE activation by AA or C2-ceramide, which has 


dependent pathway [16]. As shown in Figure 6(A). pretreatment 
with 0.5 mM N-acetylcysteine, a free-radical scavenger. signifi- 
cantly inhibited the SRE stimulation by C2-ceramide or ex- 
ogenous AA. In addition, co-transfection with an expression 
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plasmid of superoxide dismutase markedly diminished the ac- 
tivation of SRE by these agonists (Figure 6B). Together, these 
results suggest that the ROS generated via the Rac-cPLA,-AA- 
linked cascade is crucial for the nuclear signalling cascade leading 
to c-fos SRE activation, in response to various agonists acting 
through Rac. Recently, Shin et al. [21] reported that AA-induced 
stress-activated protein kinase ( SAPK?’) activation and ROS 
generation were partly prevented by RacNI7, thus indicating 
that AA might act upstream of Rac for the generation of ROS. 
Their results are quite in contrast with previous reports of ours 
and others [11,12,15,16]; the reason for this discrepancy 1s not 
clear. Interestingly, we could not reproduce the results as 
published [21] and we therefore suspect that the experimental 
conditions might have been different, or there could have been a 
positive feedback loop regulation by AA acting on Rac, as 
claimed by the same authors [21]. However, we predict that the 
role of feedback regulation would be minimal even 1f there were 
any. In any event, our present findings make us confident that 
cPLA, is essential for generating ROS in response to Rac 
activation. In support of our observation, there is an increasing 
amount of previous evidence supporting a signalling link between 
ROS and cPLA,-mediated AA metabolism [22-25]. In summary, 
the results presented are indicative of the crucial role of cPLA, 
in the regulation of the Rac-mediated generation of ROS. 
Although we do not know the details of the downstream 
mediators of cPLA, in a Rac signalling pathway leading to the 
generation of ROS, our findings indicate that AA and subsequent 
AA metabolism by 5-LO are involved. Further studies should 
provide additional information about the specific steps linking 5- 
LO-catalysed leukotriene synthesis with ROS generation. 
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To determine ys-opioid receptor (OP,) signalling activity, 
guanosine 5/-[y-[**S]thio]triphosphate (GTP[**S]) binding to G- 
proteins was measured in the membranes of human embryonic 
kidney cells (HEK-293) transfected with u-opioid receptor (HEK- 
u). GTP(*5S] binding to HEK-z membranes was significantly 
elevated compared with HEK-293 control membranes (without 
OP,), and this was abolished by pertussis-toxin pretreatment. 
The irreversible antagonist f-chlornaltrexamine (f-CNA) dose- 
dependently decreased elevated basal G-protein coupling of 
HEK-z to control levels in cells devoid of OP,. This characterizes 
f-CNA as an inverse OP, agonist. Immunoprecipitation of 
solubilized G-proteins with G,4« antisera demonstrated that 
basal GTP[*S] binding to G,,a was also substantially elevated in 


HEK-yz membranes over the control, whereas G,, protein levels 
were unchanged. Basal GTP[/**S] binding to G,,a/G,,o and G,a 
was also increased twofold in HEK-u membranes over the 
control. Morphine further increased coupling to each of these 
Ga proteins with similar potency, but not to G,/,,a or G,a. 
These results indicate that the wild-type OP, can couple 
constitutively to endogenously expressed Gæ, G,,a/G,, and 
G,« subunits of G-proteins in HEK-293 cells. 


Key words: f-chlornaltrexamine, G-protein a-subunits, immuno- 
precipitation, morphine, guanosine 4’-[y-[*S]thio]triphosphate 
binding. 





INTRODUCTION 


Opioid receptors (4, à and x; MOR, DOR and KOR; or, more 
recently, OP,, OP, and OP,) are members of the superfamily of 
G-protein-coupled receptors (e.g. [14]. Opioid-receptor activ- 
ation leads to inhibition of adenylate cyclase [5,6], stimulation 
of potassium-channel conductance [7,8] and inhibition of 
calcium-channel conductance [9], mediated by pertussis-toxin 
(PTX)-sensitive G-proteins [10,11]. Receptor activation causes 
exchange of GDP for GTP on the a-subunit of heterotrimeric G- 
proteins; Ga-GTP can then dissociate from fy subunits and 
both Ga-GTP and Gfy subunits can modulate effector activity 
112,13]. An intrinsic GTPase activity of Ga then hydrolyses GTP 
to GDP, and Ga—~GDP and Gy reassociate. Activation of G- 
proteins can be measured using radiolabelled, poorly hydrolysed 
analogues of GTP {5’-[y-P*S]thio|triphosphate (GTPP*®S]) and 
5’-[a-**P triphosphate ([a-**P]GTP) azidoanilide} [14-17]. These 
analogues remain bound to Ga subunits and their accumulation 
can be measured. 

Many G-protein-coupled receptors appear to activate G- 
proteins spontaneously (in the absence of agonist) [18-20]. 
Constitutive activity of wild-type f-adrenergic [20], 5-hydroxy- 
tryptamine (‘serotonin’) [21], bradykinin [22], 4-opioid receptor 
[23] and muscarinic [24] receptors has been reported. Constitutive 
activation of u-opioid receptor (OP,) following chronic treatment 
with opiates has been hypothesized to account for part of the 
regulatory mechanism underlying narcotic tolerance and de- 
pendence [25,26], but clear evidence of the existence of consti- 
tutive activity of OP, receptors has not been forthcoming. The 
present study addresses the hypothesis that the OP, indeed 
displays basal signalling activity in the absence of agonist. This 
was measured with the use of a GTP[*S] binding assay, using cell 


membranes expressing the OP,. Moreover, GTP[™S] binding was 
determined to individual Ga proteins immunoprecipitated with 
Ga-selective antisera [27]. Here we demonstrate enhanced basal 
activation of the OP, to specific endogenously expressed Ga 
proteins. 


EXPERIMENTAL 
Materials 


GTP[*" S] and the G-protein antisera [G,,2/G,4« (AS/7), G,,a 
(EC/2), G,a (GC/2), G,a/G,,« (QL) and G,« (RM/1)] were 
from New England Nuclear (Boston, MA, U.S.A.). Protein 
G-Sepharose was from Pharmacia Biotech (Sweden). Normal 
rabbit serum and Nonidet P40 (NP40) were from Calbiochem 
(La Jolla, CA, U.S.A.). Morphine sulphate was from the National 
Institute on Drug Abuse, NIH, Bethesda, MD, U.S.A. f- 
Chlornaltrexamine dihydrochloride (6-CNA) was from Research 
Biochemicals International (Natick, MA, U.S.A.). SDS/PAGE 
and immunoblotting reagents were from Bio-Rad. (Hercules, 
CA, U.S.A.). All other reagents were from Fisher Scientific (Fair 
Lawn, NJ, U.S.A.). 


Ceil culture and membrane preparation 


Human embryonic kidney (HEK) 293 cells transfected either 
with cDNA encoding recombinant rat OP, (HEK-4) [28] (ex- 
pressing ~ 4 pmol of [*H]diprenorphine sites/mg of membrane 
protein) or with pRC vector alone (without OP, cDNA, HEK- 
vec) were grown to confluence in T-175 cm? tissue-culture flasks 
contaimng 30 ml of media (a 1:1 mix of Dulbecco's modified 
Eagle's medium and Ham's F-12 medium, supplemented with 


Abbreviations used. OP, u-opioid receptor, HEK-4, human embryonic kidney cells (HEK 293) transfected with u-opioid receptor, HEK-vec, HEK 293 
cells transfected with vector alone (without u-opioid-receptor cDNA); J-CNA, f-chlornaltrexamine, PTX, pertussis toxin, GTP[*5S], guanosine 5'-[y- 
[5S]thio]tnphosphate, NP40, Nonidet P40, DAMGO, [p-Ala?,MePhe^*,Gly(ol)*]enkephalin 
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10 *, (v/v) foetal-bovine serum and 200 ng/ml G418). Cells were 
washed three times with PBS, homogenized in 30 ml of buffer 
containing 10 mM Hepes, pH 7.4, and 10 mM EDTA, and then 
centrifuged at 30000 g for 10min at 4°C. The pellets were 
resuspended in 1 ml of 10 mM Hepes (pH 7.4)/0.1 mM EDTA, 
divided into portions and stored at — 80 °C. 


GTP[*S] binding assay 


The procedure for measuring GTP[*?S] binding to cell membrane 
homogenates (total GTP[*’S] binding) was described previously 
[27]. Aliquots of frozen cell membranes were diluted in assay 
buffer (10 mM Hepes/10 mM MegCl,/100mM NaCl, pH 7.4) 
to yield final protein concentrations of 10-35 42/50 ul. Mem- 
branes were then incubated with GTP[’’S] (0.4 nM for total G- 
protein binding, I nM for individual Ga-subunit binding) at 
30 *C for the indicated time periods. In experiments measuring 
total GTP[^?S] binding, the membrane pellets obtained after 
centrifugation were washed twice with 0.5 ml of assay buffer and 
radioactivity measured by liquid-scintillation counting. GTP[*’S] 
binding to individual Ga subunits was determined as described 
n [27]. Briefly, after washing twice with assay buffer. membranes 
were solubilized and precleared with 100 yl of buffer containing 
50mM Tris/HCl, pH 7.4, I% NP40, 100 mM NaCl, I mM 
EDTA, 0.1 ?5 SDS and 15 al of normal rabbit serum at 4 °C for 
2h, then spun at 13000 g for 10 min at 4 °C. The supernatants 
were transferred to a set of new tubes and after addition of 40 yd 
of 20°, slurry Protein G beads and 15 ml of anti-Gx antiserum 
(1:20 dilution), incubated at 4°C for another 12h. Then the 
beads were spun down and washed twice with PBS at 4 °C and 
radioactivity measured by scintillation counting. For inverse- 
agonist experiments, membranes (10 pg) were incubated with 
different concentrations of /]-CNA in 50 mM Hepes (pH 7.4)/ 
100 mM NaCl/l0 mM EDTA/5mM MaCl,/1mM DTT/ 
10 aM GDP/0.1 *, BSA at 30 °C for 20 min, then the reactions 
were stopped by filtration. The filters were washed twice with 
50mM Tris/HCl (pH 7.4)/50 mM NaCl, and radioactivities 
were counted. 


SDS/PAGE and Western-blot analysis 


Cell membranes (5—40 ug) were separated by SDS/PAGE (10°, 
polyacrylamide gel) as described by Laemmli [29]. Separated 
proteins were electrophoretically transferred to PVDF mem- 
brane (0.2 jum) [30]. The membrane was blocked in 5°, non-fat 
dried milk in TBST [Tris-buffered saline (20 mM _ Tris/HCl 
(pH 7.6)/137 mM NaCl)/0.05°%, Tween-20] for 2h at room 
temperature with agitation, followed by 2 h incubation in the 
presence of the primary antibody G,,« antisera (1: 1000 dilution). 
After washing in TBST, a secondary antibody [goat anti-rabbit 
IgG conjugated to alkaline phosphatase (1:2000 dilution)] was 
added for 2 h at room temperature, followed by development 
with AP Development Buffer (Bio-Rad). 


Data analysis 


Results expressed as means + S. E.M. for at least three experi- 
ments, each performed in duplicate. Curve fits of dose-response 
curves were analysed. and EC,, values were obtained using 
KaleidaGraph. Statistical analysis was performed by Student's / 
test or ANOVA. Western blots were scanned and analysed using 
Adobe Photoshop and NIH-image. 
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RESULTS 
GTP[*S] binding to HEK-vec and HEK- membranes 


Total GTP[^?S] binding was determined in HEK-vec and HEK- 
# membrane preparations, Expression of OP, in. HEK-cell 
membranes resulted in a significant increase (20-25°,,) in basal 
levels of GTP[**S] binding compared with HEK-vec membranes 
(Figure 1), in both the absence and presence of | ~M GDP, after 
a 5 min incubation at 30 ^C. Addition of a maximally effective 
concentration of the full agonist morphine (10 7M) to HEK-; 
membranes resulted in a 85°, increase in GTP[^?S] binding 
compared with HEK-vec basal activity, in both the absence and 
presence of GDP (EC., values for morphine were 1.7 nM in the 
absence of GDP and 7.4 nM in the presence of GDP respectively ; 
results not shown). Thus about 25", of the overall response 
attributable to OP, appears to be accounted for by basal receptor 
activity in the absence of agonist. In contrast, morphine had no 
significant effect on GTP[?S] binding to HEK-vec membranes 
(results not shown). PTX pretreatment (100 ng/ml for 16 h) of 
HEK-vec cells had no significant effect on basal GTP[*’S] binding 
under the assay conditions. The lack of a demonstrable effect of 
PTX on basal GTP[*S] binding in non-transfected cell mem- 
branes is probably a result of the rather small amount of 
membrane protein per sample incubation (12 ug of protein in 
this experiment) when compared with previous studies. In 
contrast, PTX pretreatment abolished the enhanced basal 
GTP[*S] binding in HEK-« membranes. in both the absence and 
presence of GDP. Moreover, PTX treatment suppressed 
morphine-stimulated GTP[*’S] binding (> 90°.) (results not 
shown), demonstrating that G,/G, type-z subunits were indeed 
inactivated. These results indicate the presence of substantial 
basal signalling activity of OP, to PTX-sensitive G-proteins. 
Basal activity was detectable regardless of the presence of GDP 
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Figure 1 Effect of PTX and GDP on basal and agonist-mediated GTP[*S] 
binding to membranes of HEK-vec and HEK-, cells 


GTP[^S] € [5S]GTP VS" in this and subsequent Figures} binding experiments were conducted 
as described in the Experimental section either with no drug added or in the presence of 10 uM 
morphine, in membranes (12 ug/tube) of HEK-vec and HEK- celis, Experiments were 
terminated after a 5 min incubation at 30 °C. Basal activity was also determined in membranes 
alter PTX pretreatment of the intact celis (100 ng/ml for 16 hy. Similar measurements were 
determined both in the absence and presence of GDP (1 uM). Data are expressed as a 
percentage (meant S.E.M.) of the response in HEK-vec membranes. The 100% value 
represents approx. 4000-6000 dpm., statistica! significance versus HEK-vec: "P < 005; 
"UPc001: ANOVA: nz 4—2. 
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Figure 2 Dose-response curve of f-CNA effect on basal GTP(*8] binding 
to HEK-4; membranes 


Different concentrabons of 6-CNA were incubated with HEK-u membranes at 30 °C for 20 min 
followed by filtration as described in the Expanmental section Results are means + S E.M, 
f- 3 Stahshcal significance versus basal “P< 0.05,°P< 001, ANOVA; 10 uM 
f.-CNA has no effect on HEK-vec membrane (4) 


(Figure 1), which tends to suppress weak basal G-protein- 
coupled-receptor signalling. 


A-CNA decreases basal GTP[758] binding of HEK-g 


Under the assay conditions described here, the irreversible 
OP, antagonist -CNA dose-dependently reduced basal GTP{**S] 
binding of HEK-g, but not HEK-vec (Figure 2). The EC,, value 
for £-CNA is 52+1.8 nM. f-CNA was the most effective inverse 
agonist among a panel of known opioid antagonists tested (D. 
Wang and W. Sadee, unpublished work). This result confirms the 
presence of basal G-protein coupling of OP,. It remains to be 
resolved whether -CNA acts as a non-covalent competitive or 
an irreversible ligand, or both, over the 20 min incubation 
period. 


Basal GTP[*S] binding after immunoprecipitation with Gi, 
antisera in HEK-u compared with HEK-vec membranes 


We have previously shown that OP,-mediated GTP[?5S] binding 
following immunoprecipitation with specific G-protein antisera 
is most pronounced using G,,a antisera, in HEK-4 cell mem- 
branes [27]. This antiserum was therefore used to determine basal 
and agonist-stimulated GTP[**S] binding following immuno- 
precipitation. Comparisons of maximal agonist (morphine)- 
stimulated GTP['S] binding between total GTP[*5S] binding 
to HEK-u membranes and GTP[*S] binding following 
solubilization and immunoprecipitation with G,,« antisera 
(1:200 dilution), showed that approx. 6% of the total pool of 
labelled G-proteins were immunoprecipitated as GTP[*5S] bind- 
ing to Gæ. A larger percentage recovery could be achieved with 
increasing concentrations of antisera. However, the concen- 
tration of antisera used was minimized to reduce the expense of 
the experiments while still providing a good signal-to-noise ratio 
and level of reproducibility. Under these assay conditions, 
recovery levels were nearly identical between different experi- 
ments and therefore suitable for quantitative analysis. Further, 
immunoprecipitation of G „œ reduced the background level of 
GTP[*S] binding compared with whole membranes, thereby 
enhancing the signal-to-noise ratio of the measurements. 

In the absence of opioid receptor ligands, HEK-u membranes 
produced a 142425% (three independent experiments) greater 
GIP['*S] binding compared with HEK-vec membranes, after 
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Figure 3 Basal GTP[*8] binding to HEK-vec and HEK-» membranas after 
Immunoprecipitation with G„« antisera 


Compansons of the basal GTP[*°S} binding to Gaa proteins were conducted in membranes 
from HEK-vec and HEK-4 (30 g/tube) before and after pretreatment with PTX (100 ng/ml for 
16 h), after a 30 min time penod, without added GDP Data are expressed as a percentage 
(mean -E SEM, n= 3) of the HEK-vec basal response in the absence of PTX pretreatment 
(1355-35 d p.m) Statistical significance versus HEK-vec control. **P < 001, ANOVA 


immunoprecipitation with G „æ antisera, following a 30 min 
incubation (Figure 3); PTX: pretreatment of HEK-y cells 
decreased basal GTP[**S] binding to a level indistinguishable 
from that observed with PTX-pretreated HEK-vec membranes 
(P 2 0.05) (Figure 3) This result indicates that the enhanced 
GTP['5S] binding activity of HEK-,4« cells results largely from 
basal u-opioid receptor signalling. A small decrease in GTP[?*S] 
binding caused by PTX pretreatment of HEK-vec membranes 
further suggests the presence of detectable basal G „æ activity 
unrelated to OP,. 


Western-blot analysis of the content of G,,x in membranes from 
HEK-vec and HEK-u 


The G,« expression level was determined by quantitative 
Western-blot.analysis. The G,,« antiserum used revealed the 
presence of a single immunoreactive band consistent with G,,« 
protein. The results show that HEK-4 and HEK-vec membranes 
contar the same level of G,,« (results not shown). Therefore, the 
difference in GTP[**S} binding between HEK-4 and HEK-vec 1s 
not due to different levels of G „æ in these two cell clones, but 
rather appears to result from an enhanced activation of G,,a 
proteins 1n. HEK: cell membranes expressing OP,. 


Comparisons of basal GTP[*S] binding activity between HEK-u 
and HEK-vec after iImmunopreclpitation with various G-protein 
antisera 


Basal GTP[?®S] binding between HEK-4 and HEK-vec was 
compared after immunoprecipitation with the selective G-protein 
antisera (Figure 4). Basal activity in HEK-» membranes was 
approx. 2-fold greater than in HEK-vec after immuno- 
precipitation with G,,a/G,«, G,a and Gæ antisera. Basal 
activity was not significantly different between these two cell 
clones after immunoprecipitation with G,« antisera, whereas 
immunoprecipitation with G,«/G,,« antisera resulted in a re- 
duction (by 3695) in basal GTP[**S] binding in HEK-u compared 
with HEK-vec membranes. To test the selectivity of the G,a and 
G,«/G,,« antisera, we determined their ability to detect ac- 
tivation of these Ga subunits by their cognate receptors Agonist 
stimulation (1mM carbachol and 1 4M a-melanocyte-stimu- 
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Figure 4 Comparisons of basal GTP[*S] binding between HEK-vec and 
HEK-4 cell membranes after immunoprecipitation with various G-protein 
antisera 


Experiments were carried out in the presence of equat protein concentrations of either HEK-vec 
or HEK- cell membranes for 30 min. Samples were immunoprecipitated with different G- 
protein antisera (1:200 dilution), and basal GTP[^S] binding was compared. Data are 
expressed as the means + SEM. for three experiments each performed in duplicate. Statistical 
significance versus HEK-vec: "P < 0.05, Student's 7 test, 
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Figure 5 Morphine- and naloxone-stimulated GTP[*?S] binding to specific 
G-proteins in HEK-s membranes 


TP[°"S} binding experiments were conducted in HEK- membranes in the absence or 
presence of morphine (10 4M) or naloxone (10 Mo) for * min. Samples were then solubilized 
and immunoprecipitated with various G-protein antisera (1:200 final dilution). Data are 
means -- S.E.M. for three experiments each performed in duplicate. Statistical significances 
versus Dasai: "P « 0.05, "P< 0.01, ANOVA. 


lating hormone) expressing ml muscarinic receptors (HEK-ml. 
expressing 2 pmol of receptor/mg of protein) or melanocortin 
receptors (HEK-mc4) increased GTP[*S] binding more than 
tenfold above basal activity, measured with G,z;G,,x and Ga 
antisera respectively (results not shown). Basal signalling was 
minimal or undetectable. This demonstrated that coupling to 
G,x/G,,x and G,x can be detected sensitively under these assay 
conditions. Muscarinic wild-type receptor also activated Ga 
upon carbachol stimulation (results not shown); however, in 
contrast with OP,, no basal signalling activity of Gi æ (102+5”,, 
versus vector membranes) was detectable. Our analysis may not 
be indicative of the absolute levels of Ga coupling by OP, among 
individual G,« and Ga subunits, since we have not determined 
overall recovery for each separately. 
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Figure 6 Dose-response curves for morphine-stimulated GTP[*S] binding 
in HEK-2 membranes after immunoprecipitation with various G-protein 
antisera 


GTP[?S] binding dose-response curves to morphine after 1 min incubation were determined 
in HEK.,« membranes. Samples were then immunoprecipitated with either G,,a/G.a, Gx or 


street 


each performed in duplicate (see also Table 11. 


Morphine- and naloxone-stimulated GTP[*S] binding in HEK-z 
membranes after immunoprecipitation with various G-protein 
antisera 


Using the initial rates of GTP[*S] binding in the first 1 min of 
incubation, morphine produced a robust response of 3.9-fold, 
2.5-fold and 3.7-fold above basal GTP[**S] binding to G-proteins 
immunoprecipitated with G,,2/G,,x, G,x and G,,« antisera 
respectively (see also [27]; Figure 5). As described above, no 
stimulation was detectable with G_a/G,,« and G,x antisera after 
i min (Figure 5) or 90 min incubation (results not shown), even 
though coupling to these subunits can be sensitively measured in 
our assay. Although naloxone is considered an antagonist, it also 
produced a small stimulation of GTP[**S] binding under the 
assay condition used (1.4-fold, 1.6-fold and 1.9-fold above basal 
for G,a/G,,x, G,x and Gæ respectively) (Figure 5). 

Neither morphine nor naloxone induced detectable GTP[^S] 
binding above basal levels in HEK -vec after immunoprecipitation 
with G ax antisera. PTX pretreatment of cells (100 ng/ml for 
16h) abolished both morphine- and naloxone-stimulated 
GTP[*S] binding at G,,x/G,,x, G,x and G „æ (results not shown). 


Dose-response curves for morphine and naloxone at specific G- 
proteins in HEK-,; membranes 


Dose-response curves were obtained at optimal time periods of 
incubation (highest signal-to-noise ratio) for morphine (1 min) 
and naloxone (30 min) in HEK-4 membranes. In this experiment, 
morphine produced a dose-dependent increase in GTP[?5S] 
binding above basal levels after immunoprecipitation with G,,a/ 
Gx., Gx and G,x antisera, reaching a maximal increase 
above basal of 3.1-, 3.0- and 5.2-fold respectively (Figure 6 and 
Table 1). In each case, the EC,, for morphine ranged from 0.4 
to 0,7 nM, with no significant difference between each of the 
G-protein subtypes studied. 

Naloxone also produced a small dose-dependent increase in 
GTP[*S] binding above basal levels after immunoprecipitation 
with G a/G pæ, G,x and G „æ antisera, reaching a maximal 
increase above basal of 1.3-, 1.6- and 1.8-fold respectively (Table 
1; data obtained with no GDP added). The EC,, for naloxone 


Table 1 Basal, morphine (after 1 min Incubation) and naloxone (after 
30 min stimulation)-stimutated GTP[*8] binding to HEK-z; membranes after 
Immanoprecipitation with 8 protein antisera 


Data represent means+-SEM for three experiments each performed In duplicate 


Stimulation (d.p.m ) 
Basa! Maximal EC. (log M) 
Morphine (1 min) 
Ga/G,x 1345 410 3-29 —915+011 
Ga 147+12 442 +47 —$.25+016 
929 1:17 2708 + 368 — 933+ 0.03 
Naloxone (30 min) 
Go Gpa 448 + 25 598 + 53 —9.27+041 
407413 640 + 42 —914+037 
Gaa 3042 +70 5329 + 176 —933+004 





was similar to that of morphine, ranging from 0.4 to 0.7 nM, and 
no significant differences were noted for EC,, values at the 
individual Ga subunits. 


Time course of GTP[*S] binding 


Time-course studies were performed for GTP[* S] incorporation 
into membranes of HEK-vec and HEK -z cells. Shown in Figure 
7 are time courses for basal OP, activity (above HEK-vec 
contro) and morphine (10 4M)- and naloxone (10 uM} 
stimulated GTP[**S] binding. Experiments including GDP 
(10 uM) gave qualitatively similar time courses, except for a 
greatly attenuated naloxone response (results not shown). Basal 
OP, stimulation of total GTP[**S] incorporation into membranes 
was significantly elevated over the control in all but one time 
point in this experiment (Figure 7A). Morphine induced a rapid 
increase in total GTP{**S] binding to HEK-»z membranes, which 
peaked at 15 min and then declined somewhat. In contrast, 
naloxone stimulated a steady increase over the basal level, with 
no apparent decline at longer incubation times. As a result, 
naloxone stimulated more GTP[*S] binding than morphine over 
longer incubation periods (Figure 7A). Similar results were 
obtained following solubilization of the membranes and immuno- 
precipitation with G,, antiserum (Figure 7B). Basal activity and 
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naloxone-induced activity were more prominent because of 
reduced background GTP[*S] binding after immunoprecipi- 
tation. Morphine again caused a rapid initial surge in GTP[*S] 
binding, followed by a slow decline (Figure 7B). 

The necessity of using early time points to distinguish 
between agonist and basal binding of guanine nucleotides has 
been observed previously. [p-Ala*,MePhe*,Gly(ol)*Jenkephalin 
(DAMGO)-stimulated elevation of [a-**P]GTP azidoanilide 
into G,,a in SH-SY5Y cell membranes was maximally elevated 
above basal at 1.5 min and was no longer significantly different 
from basal levels after 6 min [31]. Similarly, dopamine-induced 
binding of [a-**P]GTP in rat brain membranes could only be 
observed at early incubations (3 min, 30 °C) [32]. 

The gradual loss of GTP[*S] binding to G,,« upon morphine 
incubations exceeding 5-15 min suggests that additional pro- 
cesses occur, such as morphine-induced desensitization of the 
OP,, GTP['5S] dissociation from G,4«, or G,,« dissociation from 
the membrane during incubation with morphine. To investigate 
whether activated G-proteins could be detected in the supernatant 
rather than the membrane pellet, supernatants were immuno- 
precipitated with G,,« antisera. No increase in GTP['5S] binding 
was observed ın the supernatant after 1 min compared with basal 
conditions. However, an increase in both morphine- and 
naloxone-induced GTP[*S] binding to G,,« above basal was 
detected after 30 min (966 and 662 d.p.m. respectively, n — 2), 
suggesting that some of the activated G-proteins may leave the 
membrane environment upon extended stimulation with agonist. 
However, this result only partially accounts for the loss of 
GTP[*S] binding after the initial morphine-induced peak. 
Clearly, an additional unknown process appears to occur with 
morphine, but not as a result of basal and naloxone-induced 
activity. 

Incubation of HEK-z membranes with morphine (1 4M) and 
naloxone (10 uM) together resulted in a time course similar to 
that of naloxone alone (results not shown). Therefore naloxone 
can inhibit the initial large morphine-induced GTP{**S] binding 
at 1 min. 

Similar time-course profiles were observed in HEK-4 mem- 
branes using G,,a/G,,a antisera and G,« antisera (results not 
shown), although basal coupling and drug treatments produced 
lower levels of GTP[**S] binding than those observed after 
immunoprecipitation with G,,« antisera (see Figure 4). In each 
case, morphine-induced GTP[**S] binding was maximal after 
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Figure 7 Time coarse of GTP[*8] binding in HEK-/; membranes and following solubilization and immunoprecipitation with G,,« antisera 
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| min. Similar time-course profiles of agonist-induced GTP[*S} 
binding to HEK-» membranes after immunoprecipitation with 
G,,% antisera were observed with lower concentrations of mor- 
phine (100 nM) and with the agonists DAMGO and endo- 
morphin I [27]. 


DISCUSSION 


The present study demonstrates that OP, expression in HEK cell 
membranes enhances basal G-protein activation, indicative of 
constitutive OP, activity. Enhanced basal activity was observed 
both with total GTP[**S] binding to the entire pool of G-proteins 
in HEK-u# membranes (Figure 1) and after immunoprecipitation 
with G,« antisera, particularly Gœ (Figure 3). Basal OP, activity 
was blocked by PTX pretreatment of HEK-y cells. This result 
indicates that basal signalling occurs at PT X-sensitive G-proteins, 
as observed for agonist-stimulated OP, activity. The ability of £- 
CNA to decrease basal GTP['5S] binding of HEK-» membrane 
comfirmed the presence of substantial basal OP, activity. 

Basal activity at Gæ in HEK- cell membranes was also 
detectable under the same assay conditions (results not shown). 
Basal activity had been reported previously for the é-opioid 
receptor (OP,) [23]. Further, no basal activity was observed in 
HEK-m1 cell membranes (expressing m1 muscarinic receptors). 
Therefore, under the assay conditions used, -another highly 
expressed receptor type failed to show any constitutive signalling 
activity. These comparisons support the view that basal activity 
detected with OP, might be relevant physiologically. 

Enhanced basal GTP["S] binding to G,,« expressed in HEK- 
u cell membranes could have been accounted for by an increase 
in endogenously expressed G,,« levels as a result of OP, 
transfection. However, Western-blot analysis of HEK-& and 
HEK-vec membranes showed no significant difference in the 
levels of G,,~ expressed between the two cell clones. This indicates 
that OP, expressed in HEK-z membranes is capable of 
constitutively activating endogenous G,,x proteins Basal ac- 
tivation of G,,a/G,,a and G,« was also elevated by approx. 2- 
fold in HEK-z compared with HEK-vec membranes. By contrast, 
basal activation of G,a remained unchanged between the two cell 
clones, and basal activation of G,a/G,,a was reduced in HEK- 
pu compared with HEK-vec membranes. Possibly, OP, expression 
could have affected the level of G.a/G,,« expression, Py subunits 
liberated from G,/G, could have scavenged G,a/G,,«, or OP, 
could have inhibited basal GTP binding (for a discussion on 
possible inhibitory receptor action, see [33,34]). 

Analysis of basal and agonist-dependent G-protein coupling 1s 
sensitive to the experimental conditions used. Previous studies 
investigating GTP[*S] binding without immunoprecipitation 
have required the presence of excess GDP to dampen basal 
activity so that agonist-stimulated GTP[**S] binding could be 
observed above background [14-16]. In the present study we 
have shown that basal OP, activity and agonist-stimulated 
GTP["S] binding to HEK-z membranes are detectable in both 
the presence and absence of GDP, both in total binding 
experiments and after immunoprecipitation with G,,a antisera 
Therefore basal OP, activity was robust under several conditions, 
even in the presence of GDP, which 1s known to suppress basal 
signalling, 

The presence of basal receptor activity prompted us to search 
for inverse OP, agonists. The GTP|**S] binding assay described 
here provides a screen for identifying inverse agonists at OP,. 
Inverse agonists have previously been described for OP, [24,36]. 
Further screening of known OP, antagonists (naltrexone, 
diprenorphine, CTAP [H-p-Phe-Cys-Tyr-p-Trp-Arg-Thr-Pen- 
Thr-NH,(cyclic)], P-funaltrexamine, 6-CNA} revealed £-CNAÀ as 
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a full inverse agonist. Relative efficacies of these compounds will 
be reported separately. Dependent upon the incubation con- 
ditions, naloxone either had little or no effect or displayed low 
partial-agonist activity. Since the addition of GDP largely 
suppressed naloxone-stimulated GTP[?*S] binding, it appears 
that naloxone has at best very low efficacy as an agonist [35]. Yet, 
a partial agonist effect of naloxone is consistent with our previous 
observations that naloxone decreases cAMP levels in untreated 
SH-SYSY cells [26] and HEK-y cells [36]. Since SH-SY 5Y cells 
express relatively low levels of OP, [37], it appears that the partial 
agonist properties of naloxone may not necessarily require high 
levels of OP, expression. Thus the partial agonist activity of 
naloxone may account for the ' morphine-like' effects of naloxone 
seen in early studies [38]. We are currently studying the behaviour 
of naloxone after morphine pretreatment — resulting in an 
apparent shift toward inverse agonism in morphine-dependent 
tissues [26]. 

Dose-response curves at optimal time points for morphine 
(after 1 min) and naloxone (after 30 min) produced similar EC,, 
values for activation of G,,a/G,,a, G,« and G,,a, suggesting that 
both morphine and naloxone activated each of these G-proteins 
with equal potency. Previous studies have suggested that different 
G-proteins can be activated with different potencies by OP, 
agonists in Chinese-hamster ovary cell membranes [39] This was 
not found in the present study ın HEK cell membranes, which 
agrees with studies on &- and x-opioid receptors, suggesting that 
commonly used agonists of these receptors can activate multiple 
G-protein subtypes with similar potency [10,11,40]. These dis- 
crepant results might be resolved if one considers the different 
experimental conditions. 

In conclusion, this study supports the hypothesis that OP, 
receptors are constitutively active. It remains to be seen how such 
basal activity affects signalling pathways in intact cells. We have 
previously proposed that constitutive activation of OP, following 
chronic agonist treatment played a role 1n narcotic tolerance and 
dependence [26] We are currently investigating the effect of 
chronic opiate treatment on OP, coupling to G-proteins, in- 
cluding possible changes in basal activation of these G-proteins. 


This study was supported by the National institute on Drug Abuse, Bethesda, MD, 
U.SA (grant DÀ 04166) 
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The yodO gene product of Bacillus subtilis has been cloned and 
overexpressed in Escherichia coli and purified. The nucleotide 
sequence encodes a protein of 471 amino acids with a calculated 
molecular mass of 54071 Da. The translated amino acid sequence 
is more than 60 % identical to that of the lysine 2,3-aminomutase 
from Clostridium subterminale SBA. Analytical HPLC gel-per- 
meation chromatography leads to an estimate of an overall 
molecular mass of 224000 3- 21000 Da, which corresponds to a 
tetrameric protein. The purified protein contains iron, sulphide 
and pyridoxal 5S'-phosphate (PLP) and displays an optical 
absorption band extending to 700 nm, suggesting the presence of 
an iron-sulphide cluster After reductive incubation with L- 
cysteine anaerobically, the protein catalyses the transformation 
of L-lysine into £-lysine in the presence of S-adenosylmethionine 
(AdoMet) and sodium dithionite. The K,, value for L-lysine 1s 
estimated to be 8.0 4-2.2 mM. The iron-sulphur centre 1s stable in 
air, allowing aerobic purification. EPR spectroscopy at 10 K of 
the purified enzyme revealed an EPR signal similar to that of the 
[4Fe-4S]** cluster observed in the clostridial lysine 2,3-amino- 
mutase. Incubation with cysteine under anaerobic conditions 
converts the iron-sulphur centre into the EPR-silent [4Fe-4S]**. 


Unlike the clostridial enzyme, the fully reduced [4Fe-4S]* could 
not be characterized by further reduction with dithionite in the 
presence of AdoMet, although both dithionite and AdoMet were 
required to activate the enzyme. Upon addition of L-lysine, 
dithionite and AdoMet to the reduced enzyme and freezing the 
solution to 77 K, the EPR spectrum revealed the presence of an 
organic free-radical signal (g = 2.0023), which displayed multiple 
hyperfine transitions very similar to the spectrum of the £-lysine- 
related radical in the mechanism of the clostridial lysine 
2,3-aminomutase. Experiments with isotopically substituted 
L-lysine and lysine analogues verified the association of spin 
density with the carbon skeleton of lysine. The data indicate that 
the protein encoded by the yodO gene of B. subtilis 1s 
a novel lysine 2,3-aminomutase. The E. coli homologue of 
clostridial lysine 2,3-aminomutase was also expressed in E coli 
and purified. This protein contained iron and sulphide but not 
PLP, it did not display lysine 2,3-aminomutase activity, and 
addition of PLP did not induce 2,3-aminomutase activity 


Key words: S-adenosylmethionine, cysteine, EPR spectroscopy, 
iron-sulphur cluster, pyridoxal phosphate. 





INTRODUCTION 


Lysine 2,3-aminomutase catalyses the interconversion of L-lysine 
and L-f-lysine, which involves migration of the a-amino group to 
the #-carbon with the concomitant transfer of the f-hydrogen 
to the a-carbon. This enzyme plays a role in the utilization 
of lysine for growth of the anaerobe Clostridium subterrninale 
SB4 [1-3]. -Lysine is also a precursor in the biosynthesis of 
antibiotics, such as viomycin and streptothricin, in Streptomyces 
[4,5]. Therefore, enzymes that convert a-amino acids into 
f-amino acids are potentially useful for production in the 
pharmaceutical industry. Lysine 2,3-aminomutase from C. sub- 
terminale SB4 is the only well-characterized amino acid 2,3- 
aminomutase [6-8]. 

The reaction catalysed by lysine 2,3-aminomutase is analogous 
to the adenosylcobalamin-dependent rearrangements, in which 
hydrogen transfer is mediated by the adenosyl moiety of the 
coenzyme. Unlike adenosylcobalamin-dependent enzymes, clos- 
tridial lysine 2,3-aminomutase is not adenosylcobalamin-de- 
pendent, but contains [4Fe-4S] clusters and pyridoxal 5'-phos- 
phate (PLP) and 1s activated by S-adenosylmethionine (AdoMet). 
AdoMet and [4Fe-4S] clusters are thought to function in place of 
adenosylcobalamin in providing for the transient and reversible 
formation of the 5'-deoxyadenosyl radical. A radical rearrange- 


ment mechanism has been proposed for the clostridial enzyme 
[9-11], in which the S'-deoxyadenosyl radical initiates the 
rearrangement by abstracting a hydrogen atom from C-3 of 
L-lysine to form the substrate-based free radical 1 (Scheme 1) 

PLP facilitates the rearrangement by forming an aldimine linkage 
to the migrating nitrogen [12,13] and allowing the transformation 
of radical 1 into the product-related radical 3, presumably 
through the intermediate formation of 2. 

Based on the amino acid sequence of lysine 2,3-aminomutase 
from C. subterminale SB4, seven homologous proteins have been 
identified in the prokaryotic database [14] The amino acid 
sequences of these proteins share 32-72% identities with C. 
subterminale lysine 2,3-aminomutase. The Bacillus subtilis protein 
encoded by the yodO gene [15] is 62% identical, and the 
Escherichia coli protein is 32% identical. A prominence that is 
similar in all of these proteins is the cysteine motif that is thought 
to be the iron binding site. This 1s shown in Figure 1(A), in which 
appears the striking and unique presence of at least three 
conserved arginine residues in all eight motifs. The sequences are 
shown top to bottom in order of decreasing overall identity to C. 
subterminale lysine 2,3-aminomutase. The eight homologous 
proteins may be differentiated by their ability to bind PLP, as 
suggested in Figure 1(B). The upper group of four, including the 
B. subtilis protein, incorporate a putative PLP-binding motif, 


Abbreviations PLP, pyndoxal 5’-phosphate; AdoMet, S-adenosylmethionine, AdoHCys, S-adenosylhomocysteine, IPTG, isopropyl A-p-thio- 


galactoside, OTT, dithiothreitol 


! To whom correspondence should be addressed (e-mail frey@biochem wisc edu). 


© 2000 Biochemical Society 


540 D. Chen, F J Ruzicka and P. A. Frey 





Scheme 1 
Ado— CH; Ado—- CH; 
E Hu Lys B-Lys AY foo” 
R =*H,N(CH,); PT o M c R^ Cay 
tu HC? 
roy roy 
N^ “CH, N^ "CH, 
Ado-- CH; Ado— CH; Ado— CH; 
M. £00 A. {C007 & 0007 
u^ e "— H^ » , -— R^ Cg 
N, | PN 
CH HC» HC 
i ^v" ^y vy 
N^ "CH, N^ "CH; N^ "CH, 
3 2 


Scheme 1 The proposed mechanism of clostridial lysine 2,3-aminomutass 


which is similar to that associated with serine and threonine 
dehydratases. The lower group of five homologues, including the 
E. coli protein, lacks this motif. 

Here we report the identification of the protein encoded by the 
yodO gene of B. subtilis as a lysine 2,3-aminomutase, as well as 
the characterization of this new member of the lysine amino- 
mutase family. Like the clostridial enzyme, but unlike adenosyl- 
cobalamin-dependent enzymes, the B. subtilis lysine 2,3-amino- 
mutase contains tron, inorganic sulphide and PLP and is activated 
by AdoMet. Similarities with the clostridial enzyme notwith- 
standing, the B. subtilis lysine 2,3-aminomutase exhibits dis- 
tinctive physical, chemical and mechanistic properties. Of par- 
ticular interest is its remarkable stability in air, which facilitates 
mechanistic studies and makes it potentially useful for appli- 
cations in the synthesis of pharmaceutical agents with antibiotic 
properties. We also show that the homologous protein from Æ. 
coli lacks PLP and is not a lysine 2,3-aminomutase. 


MATERIALS AND METHODS 
Matertals 


B. subtilis strain A.T.C.C 27505 was obtained from the American 
Type Culture Collection. L-[3,3,4,4,5,5,6,6-"H,]Lysine (99 % en- 
richment) was obtained from CDN Isotopes (Pointe-Claire, 
Quebec, Canada). AdoMet, S-adenosylhomocysteine (AdoH- 
Cys), PLP and 4-thia-L-lysine were from Sigma. AdoMet was 
purified by chromatography using a 2cmx20cm column of 
CM-cellulose before use. All other compounds were used directly 
without further purification. 
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Cloning of B. subtilis yodO 


The yodO gene was isolated from B. subtilis chromosomal DNA 
by PCR. Primers were prepared that produced a 1.4-kb insert 
containing Ndel and Xhol restriction sites necessary for cloning 
into pET 23a(+) plasmid vector under the control of the T7 
promoter. The PCR primers used were. (+) strand, 5’-TATA- 
CATATGAAAAACAAATGGTATAAACCGAAACGGCA- 
TIGGAAGG-?, and (—) strand, 5’-TAGACTCGAGTC- 
ATGAAGAATCCCCTCCGCATTCAGTCTCTTTCTG-3.. 
Chromosomal DNA from B. subtilis Ehrenberg) Cohn (A.T.C.C. 
15818) was prepared using the Qiagen Genomic Tip 500/G from 
cells grown in nutrient broth (Difco #3). The PCR reaction 
mixture (100 zl total volume) contained: B. subtilis chromosomal 
DNA, 0.5 ug; Pfu DNA polymerase reaction buffer (Stratagene, 
La Jolla, CA, U.S.A); dNTPs, 0.2 mM each; oligonucleotide 
primers, 0.2 4M each; and Turbo Pfu DNA polymerase, 5 units. 
Samples were subjected to 30 cycles of 1 min at 96 ?C, 1 min at 
60 °C and 3 min at 72 ?C. After thermocycling, DNA formed 
during the PCR process was purified by 2% agarose gel 
electrophoresis in 0.04 M Tris/acetate, pH 8.0, with 1 mM 
EDTA. Following identification and excision of the appropriately 
sized (~ 1.4 kb) ethidium bromide-stained band, DNA was 
extracted from the agarose, ethanol-precipitated and resuspended 
1n 0.01 M Tris/HCI/EDTA (TE) buffer, pH 8. The purified PCR 
product was blunt-end ligated to pCR-Script Amp cloning vector 
(Stratagene) using 0.3 pmol of insert/0.005 pmol of vector 
according to the manufacturer's specification. The ligated DNA 
was used to transform XL1-MRF' E. coli cells, which were sub- 
sequently plated on Luria-Bertani/carbenicilin (100 ug/ml)/ 
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A. 

138 CSMYCRHCTRRRF 150 C. subterminale KAM 
CSMYCRHCTRRRFE P. gingivalis 

134 CSMYCRYCTRRRF 146 B, subtilis KAM 
CASYCRYCTRSRI D. radiodurans 
CAVYCRHCMRKRI A. aeolicus 
CFSHCRYCFRRGF T. pallidum 
CAVNCRYCFRRAF H. anfluenzae 
CAVNCRYCFRRHF E. coli 

B. 

293 LVKIRV 298 C. subterminale KAM 
LVKMRV P. gingivalis 

288 LVKIRV 293 B. subtilis KAM 
LVKIRV D. radiodurans 
LLRIKV A. aeolicus 
LTCLGV T. pallidum 
LFQTGI H. influenzae 
LFDAGV E. coli 
SFKIRG Rat liver serine dehydratase 
SFKLRG Yeast threonine dehydratase 
SFKIRG E. coli L-threonine dehydratase 
SIXARG E. coli p-threonine dehydratase 


Figure 1 Amino acid sequences of iron- and PLP-binding motifs in 
clostridial lysine 2,3-aminomutase and its homologues 


(A) Iron-binding motifs of C subterminale lysine 2,3-amlnomtutase and rts homologues. The 
cysteine residues that are proposed to bind the iron sulphide cluster are shown In bold Note 
the presence of at least three conserved arginine residues (B) Putative PLP-binding motif of 
C subterminal sina 2,3-aminomutase and the corresponding sequencas in its homologues 
Note that the upper four homologous proteins, including the 2. subtilis protein, retain the KXR 
motif of the PLP-binding sites in four serine and threonine dehydratases, which are also shown 
This motif is absent in the lower five homologous proteins, including that from E cov P. 
gingivalis, Porphyromonas gmgivalis, D radiodurans, Deinococcus radiodurans, A aeolicus, 
Aquifex aeolicus, T pallidum, Treponema pallidum, H miuenzas, Haemophilus influenzae 


isopropyl f-D-thiogalactoside (IPTG)/X-Gal plates and cultured 
overnight. White colonies were chosen for subcloning into 
pET23a(+). 

Plasmid DNA (10 ug) was double-digested with Ndel/ Xhol, 
and the yodO fragment gel-purified as before. pET-23a(+) 
(10 ug) was similarly digested with Ndel/ XhoI, dephosphorylated 
with 1 unit of calf-intestine alkaline phosphatase for 30 min at 
37 °C, gel-purified and ethanol precipitated. yodO and cut pET- 
23a(--) were ligated with T4 DNA ligase overnight at 14 °C. 
Competent E. coli cells (DH5a, Life Technologies) were trans- 
formed and cells plated on Luria~Bertani/carbenicillin plates. 
Plasmid DNAs from individual colonies were sequenced to 
confirm the construct. For expression of B. subtilis yodO gene 
in E. col, pAF-98/yodO was transformed into competent 
BL21(DE3) E. coli cells (Novagen). For transformation, 20 ml of 
competent cells were transformed with 0.1 ug of plasmid DNA. 
The sequence was verified in its entirety by DNA sequencing 
using the automated ABI Prism Dye Terminator Cycle 
Sequencing procedure (University of Wisconsin Biotechnology 
Center, Madison, WI, U.S.A.). 


Cloning of E. colf unknown gene (P39280) 


The £. coli gene P39280 of unknown function was isolated from 
E. coli chromosomal DNA (JM109) by PCR according to the 
procedure described above. The PCR primers used were: (+) 
strand, 5'-ATGGCGCATATTGTAACCCTAAATAC-3', and 
(—) strand, S'-TTACITGCTGGCGTAGCIGGAGATC-3. 


DNA from PCR was cloned into pET-23a(+) vector at the 
Ndel/Xhol restriction sites. The final plasmid construct was 
transformed into E. coli BLR(DE3) plysS cells (Novagen) for 
protein expression. 


Expression of recombinant lysine 2,3-aminomutase (yodO) and 
unidentified E. colf gene 


E. coli strain BL21(DE3) carrying the expression vector pAF- 
98/yodO was grown aerobically at 37 °C in shake flasks con- 
taining Terrific Broth medium plus 100 ug/ml ampicillin and 
05mM IPTG. High-level expression of the active enzyme was 
achieved when cells were grown into the stationary phase. The 
unknown E. coli gene product was expressed in cells grown 
anaerobically 1n a 15-1 fermentor following sparging with ni- 
trogen. The cells were cultured in 2 x YT medium (16 g/l bacto- 
tryptone, 10 g/l bacto-yeast extract and 5 g/l NaCl in distilled 
water) supplemented with 50 mM FeSO,, 50mM sodium 
sulphide, 100 ug/ml ampicillin and 30 ug/ml chloramphenicol. 
When the cell density had reached D,,, of 0.6, IPTG (1 mM) was 
added and the culture continued for an additional 3 h. In both 
cases, cells were harvested by centrifugation, frozen in liquid 
nitrogen, and stored at —70 °C. 


Protein purification 


In the purification of the recombinant B. subtilis yodO gene 
product (lysine 2,3-aminomutase), all steps were carried out at 
4°C unless otherwise stated. The harvested cells were lysed by 
sonication. Cell debris, large ribosomal protein and RNA were 
removed by ultracentrifugation for 45 min at 46000 revs./min 
(174000 g) using a Beckman 55 2T1 rotor. Streptomycin sulphate 
was added slowly to the supernatant to a concentration of 0.1 95, 
and precipitated nucleic acids were removed by centrifugation at 
39000 g. Ammonium sulphate was added slowly to 40% 
saturation, the precipitated protein was removed by centrifu- 
gation, ammonium sulphate was added to 55% saturation, and 
the suspension was centrifuged at 27000 g. The pellet was 
redissolved in a minimum volume of 100 mM Hepps buffer at pH 
8.0 containing 50 uM lysine and 25 uM PLP, loaded on to a 
120 cm x 2.5 cm Sephacryl 8-300 column (Pharmacia), and eluted 
with the same buffer containing 20 mM NaCl. Fractions dis- 
playing absorbance at 410 nm were pooled and loaded on to a 
2.5 cm x 30 cm DEAE-Sephacel column (Pharmacia), which was 
eluted with a linear gradient formed from 1 | of the Sephacryl 
elution buffer and 1 1 of the same buffer containing 500 mM 
NaCl. Fractions displaying absorbance at 410 nm were pooled 
and concentrated using an Amicon concentrator. The purified 
enzyme was stored at —70°C after being frozen in liquid 
nitrogen. Anaerobic purifications were carried out at room 
temperature in a Coy anaerobic chamber except for preparative 
centrifugations, in which centrifuge bottles filled and sealed in 
the anaerobic chamber were removed for centrifugation and 
later returned to the chamber before being opened. 

The recombinant gene product from the expression of the E 
coli unknown gene was purified by methods described previously 
for the purification of clostridial lysine 2,3-aminomutase [16,17]. 


Protein and cofactor analysis 


The purity of Bacillus lysine 2,3-aminomutase was judged by 
inspection of Coomassie Brilliant Blue-stained gels from SDS/ 
PAGE and the chromatogram of analytical HPLC gel filtration 
of the protein. Routine measurements of enzyme concentrations 
were performed using the BCA protein assay reagent (Pierce). 
The N-terminal amino acid sequence of the purified protein was 
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determined at the Macromolecular Structure Facility of Michigan 
State University (East Lansing, MI, U S.A ). The subunit mol- 
ecular mass was measured by electrospray ionization MS to an 
accuracy of +0.02% at the Biotechnology Center of the Uni- 
versity of Wisconsin-Madison. 

Metal content of the purified enzyme was analysed by in- 
ductively coupled plasma-emission spectroscopy (Soil Science 
Lab, University of Wisconsin-Madison). The total enzyme- 
bound PLP was measured spectrophotometrically for solutions 
of known enzyme concentrations using the phenylhydrazine 
method [18]. Analyses for inorganic sulphide was carried out by 
the method of Beinert [19]. 


Enzyme activation and assay 


Enzyme was pre-incubated in 100 mM Hepps buffer at pH 8.0 
with 8.0 mM L-cysteine in the presence or absence of 0.5 mM 
PLP and/or 1.0 mM ferrous ammonium sulphate at 37 °C for 
3h in a Coy anaerobic chamber before assaying for activity. 
Enzyme activity was assayed according to the procedure of 
Chirpich et al [2] as modified by Ballinger et al. [6], in which 1 
unit of activity was defined as the amount of enzyme required to 
produce 1.0 umol of £-Iysine: min! under standard conditions. 
Owing to its low activity relative to the clostridial lysine 2,3- 
aminomutase, the activity of the Bacillus enzyme is expressed in 
m-units. In a typical radiochemical assay, the reductively pre- 
incubated lysine 2,3-aminomutase was further diluted before 
mixing with L-[U-!*C]lysine, sodium dithionite and AdoMet to 
give final concentrations of 44 mM  -[U-"C]lysine, 3.5 mM 
dithionite and 80 «M AdoMet ın 100 mM Hepps buffer at pH 
8.0. When PLP and/or Fe(II) were included in the pre-activation 
mixture, the final concentrations of PLP and Fe(II) in the assay 
mixtures were 45 and 90 4M, respectively. Reactions were 
quenched at different time intervals with 0.5 M formic acid. 
Radiolabelled a- and £-lysine were separated by paper electro- 
phoresis, and the radioactivity was measured by scintillation 
counting as described in [2,6]. HPLC assays of the reaction were 
carried out by derivatizing an aliquot of the reaction mixture 
with phenylisothiocyanate before chromatography and com- 
parison with standards as described in [20,21]. 

Steady-state kinetic parameters of the recombinant lysine 2,3- 
aminomutase from Bacillus were estimated after reductive in- 
cubation in the presence of cysteine, PLP and ferrous ammonium 
sulphate. Initial rates for the conversion of lysine into f-lysine 
were measured at 37 °C under the conditions described above 
for assaying the enzyme, except that the concentration of lysine 
was varied from 2.4 to 48 mM. Kinetic constants and their 
associated errors were determined by fitting rate data to the 
Michaelis-Menten equation using the weighted linear-regression 
analysis described by Wilkinson [30]. 


EPR spectroscopy 


In preparation of EPR samples, the enzyme was incubated (4: 1) 
with the activation buffer, consisting of 200 mM Hepps buffer at 
pH 8.0, 40 mM cysteine, 2.5 mM PLP and 5.0 mM ammonium 
iron (IT) sulphate at 37 °C for 3 h. Enzyme concentrations in the 
activation mixture for EPR samples are ~ 200 4M. For a 
multiple-sample experiment, a reductively pre-incubated enzyme 
mixture was prepared for all samples. For each sample, an 
aliquot of reductively pre-incubated enzyme was mixed with 
Hepps buffer at pH 8.0, substrate, dithionite and AdoMet in a 
microcentrifuge tube to give a final volume of 250 xl and 
transferred to a 3-mm (inner diameter) quartz EPR tube. The 
concentrations of Hepps, lysine, dithionite and AdoMet 1n a 
typical EPR sample were 200 mM, 672 mM, 2.5 mM and 
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2.0 mM, respectively. Components excluded in controls were 
replaced with 200 mM Hepps buffer (pH 8.0). The EPR sample 
tubes were then frozen in liquid nitrogen within 4-5 min. For 
studying the correlation of enzyme activity and spin concen- 
trations, “C-labelled L-lysine was used and an aliquot was 
withdrawn for radiochemical assays before the sample was frozen 
in the BPR tube. 

EPR spectra were recorded at X-band on a Varian E3 
spectrometer. A standard liquid nitrogen immersion dewar was 
used. Low-temperature X-band EPR spectra were acquired on a 
Varian E Line spectrometer equipped with a Vanan E102 
microwave bridge. An Oxford Instruments ESR-900 continuous- 
flow helium cryostat Oxford Instruments 3120 temperature 
controller were used. Both the spectrometers were connected 
with an IBM AT microcomputer for data acquisition and 
analysis. Spin concentrations were determined by integration 
of spectra, using a Cu-EDTA standard as a reference [22]. All 
spectra were obtained as averages of three 4-min scans. 


RESULTS 
Characterization of the yodO gene product 


By making use of two primers complementary to the nucleotide 
sequences at the 5’ and 3’ termini of the yodO gene, a 1.4-kb 
DNA fragment was amplified by PCR from the genomic 
Bacillus DNA and cloned into an expression vector pET-23a(+ ). 
A base change was made in the upstream primer so that the 
leucine, encoded by the first codon of the open reading frame, 
was changed to methionine. The cloned DNA fragment encodes 
a peptide of 471 amino acid residues with a calculated molecular 
mass of 54071 Da. The amino acid sequence predicted from 
the cloned DNA displays 62% sequence identity to that of the 
clostridial lysine 2,3-aminomutase. 

The protein was expressed in Æ. coli and purified to apparent 
homogeneity, as judged by SDS/PAGE and HPLC molecular- 
filtration chromatography. The purification steps and associated 
data on yield and purity are set forth in Table 1. N-terminal 
amino acid sequence analysis generated the sequence MKNK- 
WYKPKR, which confirmed that the purified protein is the 
yodO gene product As shown in Figure 1(A), the sequences 
contain three conserved cysteine residues, a motif for metal 
ligands often found in iron-sulphur-cluster-containing enzymes 
[23]. Also of interest is a putative consensus sequence for PLP 
binding found in some PLP-containing proteins [24] (Figure 1B). 

Calibrated molecular-filtration analysis of protein samples 
under non-denaturing conditions led to an estimated molecular 
mass of 224000+21000 Da. The purified protein could be 
dissolved in 90% formic acid to disrupt non-covalent inter- 
actions, and subsequent analysis by electrospray ionization MS 
gave a molecular mass of 54061 +10 Da. The value matches the 
calculated mass of 54071 Da based on the nucleotide sequence of 
the gene. The gel-permeation and mass-spectrometric results 
suggest a homotetrameric quaternary structure for the protein, 
in contrast to the hexameric structure of the clostridial enzyme. 

The dashed line in Figure 2 is the UV-visible absorption 
spectrum of tbe purified protein. The spectrum consists of the 
protein band at 280 nm, a band at 420 nm and a long-wavelength 
tail extending to 700 nm. The 420-nm band is attributed mainly 
to the iron-sulphur centre, although PLP may make a minor 
contribution at this wavelength. A similar 420-nm band is 
observed in the homologous, PLP-free E. coli protein, which 
is discussed in a later section. 

The yodO gene product was analysed for transition metal ions, 
inorganic sulphide and PLP, with the results shown in Table 2. 
The B. subtilis yodO protein contains iron, inorganic sulphide 
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Table 1 Purification of recombinant Baciius lysine 2,3-aminomutase 
Details of the punfication procedure are given in the Materials and methods section 











Step Total protein (mq) Total activity (m-units) Specific acbvity (munts - mg”) Yleld (€) Purification (fold) 
fraction 1850 184 99 100 10 
(NH4SO, fraction 690 153 222 83 22 
Sephacryl S-300 338 107 317 58 32 
DEAE-Sephace! 109 68 623 37 63 
] Table 3 Effect of various reductive incubation mixtures on lysine 2,3- 
aminomutase activity 
08 Reduchve incubation was in 50 mM Hepps buffer at pH 80 and at 37 °C for 3 h in a Coy 
anaerobic chamber. Concentrations of reactants were cysteine, 8 mM, Felli), 1 0 mM, PLP, 
8 05 mM, DIT, 35 mM, mercaptoethanol, 70 mM, dihydrolipoate, 20 mM, and lysine 2,3- 
E 06 amunomutase, 20—30 uM. Activities were measured in 02 M Hepps buffer at pH 80 with 
5 44 mM L-lysine, 3 5 mM dithionite and 35 uM AdoMet at 37 °C, means £S D. are shown. 
2 04 
< Activity measured 
Experiment Reductive incubation mix (m-units mg") 
02 
1 Complete [cystelne, Fe(il), PLP] 660 +51 
0 2 — Reductrve Incubation 38 4-6 
300 400 500 600 700 3 — Fatt 640 - 58 
4 — PLP 580 +34 
Wavelength (nm) 5 — Cysteine 2154-15 
6 — Cysteine, + DIT 190 -- 17 
7 — Cysteine, -+ mercaptoethanol 2104-9 
Figure 2 UV-visible absorption spectra of clostridial lysine 2,3-amino- 8 — Cysteine, + dihydrolipoate 171412 
mutase homologues 9 Complete + DTT 417 3-20 


Dashed line the spectrum of the 8 subtilis protein obtained In 50 mM Hepps buffer at pH 
80 in the presence of 1 mM DTT and 0 05 mM lysine Solid line: the spectrum of the £ cov 
P39280 gene product Note that both the 8 subülis and E coli proteins display the 420-nm 
band and the long-wavelength tail characteristic of iron sulphide proteins, 


and PLP. The sulphide and iron are stoichiometrically com- 
parable and correspond to ~ 8 Fe and 8 S% per tetramer, and 
the PLP analysis indicates four PLP per tetramer. The data are 
consistent with the presence of either two [4Fe-4S] clusters or 
four [2Fe-2S] clusters per tetramer. 


Blochemical activity of the yodO gene product 


The cofactor content and high degree of identity in primary 
structure with the clostridial lysine 2,3-aminomutase suggest that 
the yodO protein is an amino acid aminomutase. Such activity 
was sought using L-arginine, L-ornithine, L-phenylalanine, L- 





leucine and L-isoleucine as substrates in addition to L-lysine. 
Under assay conditions similar to those used for the clostridial 
lysine 2,3-aminomutase [6], we found the yodO protein to be 
a lysine 2,3-aminomutase, and none of the other amino acids 
were accepted as substrates. Like the clostridial enzyme, a pre- 
incubation process is required to activate the enzyme. However, 
unlike the clostridial enzyme, which displays full activity after 
reductive pre-incubation with dihydrolipoate or dithiothreitol 
(DTT) ın the presence of Fe(II), the B. subtilis enzyme requires 
the presence of L-cysteine instead of dihydrolipoate or DTT to 
achieve maximum activity, and added Fe(II) is not necessary. 
Table 3 summarizes various conditions used to activate the 
enzyme and the activities measured in each case. The complete 
reductive incubation mixture contained 8.0 mM cysteine, 1.0 mM 


Table 2 Transition-motal lons, sulphide and PLP In Baeifus lysine 2,3-aminomutase (In mol per mol of tetrameric enzyme) 
iron was measured by Inductively coupled plasma-emisslon spectroscopy, sulphide was measured by the method of Beinert [19], and PLP was measured by the phenylhydrazne method of Wada 


and Snell [18] Means+SD are shown, 


lon Enzyme preparation... A 
iron 6 64-+0 74 
Cobalt 012+004 
Copper 006+001 
Zine 178+-009 
Sulphide — 
PLP — 


B C D 
767061 § 40 +0 87 ~ 
005 +004 003+08 te 
0.04 +001 0044001 
098 +007 077 3:008 = 
= 731 +056 8.41 -+0.62 
360+025 387 +031 420+032 
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Table 4 Effect of AdoMet, .-methionine and 5’-deoxyadenosine on activity 


Enzyme was reductively Incubated tn 50 mM Hepps buffer with 8 mM L-cysteine at pH 8 0 and 
37 °C for 3 h inside a Coy anaerobic chamber Concentrations of components were, where 
applicable. enzyme, 15-20 uM; lysine, 44 mM, dithionite, 35 mM, AdoMet, 80 uM, c 
methionine, 3.6 mM, and 5'-deoxyadenosine, 36 mM Means-+S$D are shown 


Activity measured 
Expenment ^ Reacbon mixture (m-units_ mg?) 
1 Complete (activated enzyme, dithtonite, AdoMet) 620 + 50 
2 +.-Methionine 600 +: 73 
3 + 5’-Deoxyadenosine 450 + 24 
4 + 1-Methionine + 5’-deoxyadanosine 420 -- 18 
5 — AdoMat 49-- 0.4 
6 — AdoMet, + -methionine 354-03 
7 — AdoMet, + 5'-deoxyadenosine 79+03 
8 — AdoMet, + L-mettuonine + 5’-deoxyadenosine 824-04 





Fe(II) and 0.5 mM PLP. Incubation of the purified enzyme in 
this mixture increases the activity more than 17-fold (Table 3, 
experiment 1), as compared with the enzyme sample assayed in 
the absence of reductive incubation (Table 3, experiment 2). 
Omitting Fe(II) or PLP in the pre-activation has little or no effect 
on activity (Table 3, experiments 3 and 4), showing that the iron 
and PLP intrinsic to the protein (Table 2) correspond to the full 
complement of these cofactors Omitting cysteine from the 
activation mixture leads to dramatically less activity (Table 3, 
experiment 5). DTT, 2-mercaptoethanol or dihydrolipoate can- 
not substitute for cysteine (Table 3, experiments 6—8). In fact, 
DTT is inhibitory when cysteine is present (Table 3, experiment 
9). 

The reductively pre-incubated enzyme catalyses the conversion 
of L-lysine into P-lysine only when sodium dithionite and AdoMet 
are added. Omission of either dithionite or AdoMet leads to a 
very low residual activity. The apparent K,, value for L-lysine was 
estimated to be 8.0+2.2 mM. 

The specific activity of a typical enzyme preparation was ~ 
620 +50 m-units: mg! when the standard pre-activation process 
(Table 3, exp. 1) was used. This activity is about 1.7 % that of the 
clostridial enzyme [11]. Enzyme samples purified under anaerobic 
conditions exhibited similar activities, and an anaerobically 
purified enzyme prepared from anaerobically grown E. coli 
cells also failed to display a higher activity. Unlike the 
clostridial enzyme, which is extremely oxygen-sensitive, the B. 
subtilis enzyme purified aerobically displays full activity after 
reductive pre-incubation, indicating a remarkable stability of the 
enzyme in air. 


Effects of L-methlonine and 5'-deoxyadenosine on activity 


As discussed above, the reductively pre-incubated enzyme 
requires AdoMet and dithionite for activity (Table 4, experiment 
1) In the case of the clostridial enzyme, dithionite reduces the 
iron-sulphur cluster [11], and AdoMet participates directly in 
hydrogen transfer [12]. AdoMet is transiently cleaved to L- 
methionine and 5’-deoxyadenosine 1n the course of catalysis [12]. 
Under the complete assay conditions, the presence of L- 
methionine in the assay mixture does not affect enzyme activity 
(Table 4, experiment 2). However, added 5'-deoxyadenosine 
significantly inhibits the enzyme (Table 4, experiment 3). This 
inhibition is presumably caused by competitive binding of 5’- 
deoxyadenosine to the AdoMet-binding site. The presence of 
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Figure 3 Low-temperature X-band EPR spectra of B. subtilis lysine 2,3- 


aminomutase 


Spectra were acquired at 10 K and normalized to 60 mM aminomutasa (tetramer) Spectra were 
recorded at 9 24 GHz, with modulation amplitude of 5 G at 1 mW power. The receiver gain was 
25x10! (A) Spectrum of the purified enzyme in 100 mM Hepps buffer at pH 60 The specific 
activity of the enzyme was 520 munits mg! (B) Spectrum of activated enzyme The enzyme 
was activated by incubation in 50 mM Hepps buffer at pH 8 0 with 8 0 mM cysteine, 1 0 mM 
Fe (Il) ooo PLP in an anaerobic chamber for 4h at 37°C The recerver gain was 
25x10, 


both Met and 5’-deoxyadenosine causes the same inhibition as 
5’-deoxyadenosine alone (Table 4, experiment 4). 

When assayed tn the absence of added AdoMet, the reductively 
pre-incubated enzyme displays a low activity of ~ 5 m-units-mg? 
(Table 4, experiment 5). This basal activity 1s observed routinely 
and may be due to the fact that a small fraction of the purified 
enzyme contains bound AdoMet. The basal activity was stimu- 
lated by the addition of 5'-deoxyadenosine or of both 5- 
deoxyadenosine and methionine (Table 4, experiments 7 and 8). 
Methionine alone 1s slightly inhibitory (Table 4, experiment 6). 


Spectroscopic evidence of [Fe-S] cluster 


The presence of equimolar amounts of iron and sulphide, as well 
as the long-wavelength absorbances in the UV-visible spectrum 
of the enzyme, indicates the presence of iron-sulphur cluster. To 
examine this issue, the X-band EPR spectra of various enzyme 
samples were obtained at 10 K. As shown in Figure 3(A), the 
purified enzyme displays an EPR signal at 10 K with an average 
g value of 2.01. The spectrum 1s similar to one observed in the 
clostridial enzyme [25] and assigned as a species of [4Fe-4S]** 
[11]. The measured spin concentration ranges from 15 to 25% of 
the enzyme concentration, differing from preparation to prep- 
aration. Addition of dithionite directly to the sample does not 
cause any noticeable change to the spectrum, however, reductive 
pre-incubation with cysteine converts the enzyme into an EPR- 
silent form (Figure 3B), presumably due to reduction of the 
cluster from [4Fe-4S]** to [4Fe-4S]**. 
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Figure 4 A comparison of AdoMet-dependent reduction of the Iron-sulphur 
clusters in Closiridium and B. subtilis lysine 2,3-aminomatases 


Shown are X-band EPR spectra acquired at 10 K (A) 40 uM Closindium enzyme plus 18 mM 
AdoMet and 40 mM dithionite, (B) 60 uM B. subtis enzyme plus 18 mM AdoMet 
and 40 mM dithionite, (C) 60 uM 8 subtilis enzyme plus 18 mM AdoHCys and 4 mM 
dithionite Enzyme samples were subjected to reductive activation with dihydrolipoate for the 
Glosiridsium enzyme and with cysteine for the 8 subtilis enzyme before being fürther treated 
with dithionite and AdoMet or dithionite and AdoHCys Spactra were recorded at 9 244 GHz, 
with a modulation of 8 0 G and 1.0 mW power Recerver gains were 5.0 x 10° for ail samples 
Spectra shown are averages of three 4-min scans with a time constant of 10 s 


In the case of the clostridial enzyme, the [4Fe-4S]** cluster of 
the reductively pre-incubated enzyme can be further reduced to 
[4Fe-4S]* by dithionite in the presence of AdoMet or AdoHCys, 
with the concomitant appearance of a strong EPR signal of 
average g = 1.85 [11], as shown in Figure 4(A). In contrast, 
mixing the reductively pre-incubated B. subitis enzyme with 
dithionite and AdoMet or AdoHCys elicits only weak, broad 
EPR signals (Figures 4B and 4C), which may represent a very 
low concentration of [4Fe-4S]*. Like the clostridial enzyme, the 
reductively pre-incubated B. subtilis enzyme requires a strong 
one-electron reducing agent such as dithionite for activity, 
indicating that a further reduction of the enzyme is needed. 
Therefore, in both enzymes, the reduction of the cluster to 
the [4Fe-4S]* state seems to be a prerequisite for initiating the 
rearrangement reaction. The very low accumulation of the [4Fe- 
4S]* species in the B subtilis enzyme may represent less stabil- 
ization of the reduced state by the protein environment relative 
to the 2+ state and may suggest a lower reduction potential for 
the [AFe-4S]** /[AFe-4S]'* couple in the B. subtilis relative to the 
clostridial enzyme. 


EPR spectra of substrate-based free radicals 


The presence of PLP together with the requirement for AdoMet 
suggests that the B. subtilis enzyme functions by a radical 
rearrangement mechanism similar to that proposed for the 
Clostridtum enzyme (Scheme 1). To determine whether organic 
radicals could be observed, various enzyme-cofactor-substrate 
mixtures were examined by EPR at 77 K. Samples of the 


complete reaction mixture, including reductively pre-incubated 


g= 2002 





Figure 5 EPR spectra of organic radicals associated with B. subtilis lysine 
2,3-aminomutase 


All samples contained az 60 uM enzyme (tetramer concentration) and in 100 mM Hepps buffer 
at pH 80 and 77 K Spectra: (A) activated enzyme, (B) activated enzyme plus 67 2 mM lysine, 
(C) activated enzyme plus 67 2 mM lysine and 20 mM AdoMet, (D) activated enzyme plus 
67 2 mM lysine and 25 mM dithionite, (E) activated enzyme plus 67 2 mM lysine, 20 mM 
AdoMet and 2 5 mM dithionite; (F) puntied enzyme instrument settings scan range, 200 G; 
centre field, 3300 G; microwave frequency, 9093 GHz, modulation amplitude, 3.2 G, 
microwave power, 5 0 mW, receiver gain, 1 0 x 10? 


B. subtilis enzyme, L-lysine, dithionite and AdoMet, reproducibly 
exhibit an EPR signal centred at g = 2.002 (Figure 5E). The g 
value of 2.002 and the partially resolved hyperfine structure 
indicate that the EPR signals are derived from an organic free 
radical Indeed, the spectral envelope is very similar to that of the 
a-radical form of the f-lysine-PLP external aldimine (radical 3 in 
Scheme 1) observed in the steady state of the reaction of the 
clostridial lysine 2,3-aminomutase [6]. The spectral similarities 
suggest that the hyperfine coupling constants for the radical are 
similar in the B. subtilis and clostridial enzymes. 

A series of control experiments show that the EPR signal ıs 
associated with enzyme activity and not with a by-product of the 
reductive pre-incubation. The spectrum does not appear in 
samples containing only the reductively pre-incubated enzyme 
(Figure 5A). Very weak signals were observed in samples lacking 
AdoMet and dithionite (Figure 5B), samples lacking dithionite 
alone (Figure 5C) and. samples lacking AdoMet alone (Figure 
5D). The presence of weak EPR signals in these control samples 
is attributed to the presence of a low concentration of lysine 
added as an enzyme stabilizer to buffers used in purification. 
Mixing the purified enzyme with lysine, dithionite and AdoMet 
does not produce the EPR signal either (Figure 5F) These 
Observations are consistent with activity assays and indicate that 
the appearance of a strong EPR signal and a high activity of £- 
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Figure 6 Effects of deuterlum-labelled substrate on the EPR spectrum 


All samples were prepared as described in Figure 5 except for the listed isotopic substitubons. 
Spectra (A) reaction wrth clysine, (B) reaction with .-[3,3,4,4,5,5,6,6-H,]lysine (99% 
ennchment), (C) reaction with lysine in 75% *H,0 Instrument settings were idenbcal to 
those listed In Figure 5 except the centre frekd was 3250 G 


lysine formation require the fulfilment of the same conditions; 
that is, reductively pre-incubated enzyme and the presence of 
substrate, a strong one-electron reducing agent and AdoMet. 

The EPR spectrum obtained from a reaction mixture with L- 
[3,3,4,4,5,5,6,6-7H, |lysine (Figure 6B) exhibits small but definite 
differences compared with that of unlabelled lysine (Figure 6A). 
These spectra show that one or more protons at C-3—C-6 of the 
lysine are coupled to the radical centre, most probably the C-3- 
proton as found for the corresponding radical in the clostridial 
enzyme [6]. The persistence of the predominant splitting pattern 
in the deuterated sample shows that protons from C-3 to C-6 of 
lysine are only weakly coupled to the unpaired electron spin and 
are not responsible for the major hyperfine splitting pattern in 
the spectrum. The effect of deuterium substitution in the solvent 
was also examined. The spectrum resulting from a reaction in 
75% *H,O is shown in Figure 6(C). The absence of any change 
in the splitting pattern indicates that solvent-exchangeable 
hydrogens are not strongly coupled to the radical. 

4-Thialysine is an alternative substrate for clostridial lysine 
2,3-aminomutase [26]. Upon mixing 4thialysine with the re- 
ductively pre-incubated B. subtilis lysine 2,3-aminomutase in the 
presence of dithionite and AdoMet, an EPR signal centred at g 
= 2.002 was observed (Figure 7B). The signal 1s similar to that 
of the f-radical of 4-thialysine observed in the clostridial enzyme 
[26]. The similarities in the hyperfine structures of the spectra of 
organic free radicals derived from lysine and 4-thialysine bound 
to the B. subtilis lysine 2,3-aminomutase to those observed with 
the clostridial enzyme confirm that the reaction mechanisms are 
the same, and the conformations of the æ- and f-substrate-based 
radicals are the same in the two enzymes. 
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Figura 7 Effect of substrate analogue on the EPR spectrum 


Activated 8 subülis lysine 2,3-aminomutase was mixed with either lysine or 4-tfualysine in EPR 
tubes and then frozen in liquid nitrogen within 3 min (A) The reaction mixture contained 
50 mM activated enzyme, 67 2 mM lysine, 2 5 mM sodium dithionite and 2 0 mM AdoMet in 
100 mM Hepps buffer at pH 80, (B) the reaction mixture contained 67 2 mM 4-thralysine 
in place of lysine in the same reaction mixture The spectra were obtained at 77 K. Instrument 
settings microwave frequency, 9093 GHz, modulabon amplitude, 16 G, microwave power, 
5 mW, receiver gain, 1 0 x 10° 


Dependence of spin concentration on enzyme activity 


The unpaired spin concentration at the g = 2.0 region depends 
on the concentration of the active enzyme, as shown in Figure 8. 
In preparing EPR samples, high concentrations of enzymes were 
used in both the pre-activation process and the filling of EPR 
sample tubes (see the Materials and methods section). In assays 
at high enzyme concentrations, the measured specific activities 
are severalfold lower than when the enzyme 1s assayed under 
standard conditions of low concentration (see Figure 8 and 
compare data in Table 3). An inverse correlation between enzyme 
concentration and specific activity at high enzyme concentrations 
was observed reproducibly (results not shown). However, the 
concentration of the unpaired electron spin was well correlated 
with the enzymic activities of the samples. The data indicate 
further that the observed radical is associated with enzyme that 
is actively turning over the substrate and that the radical is a 
genuine intermediate. 


The product of the unknown £. coli gene P39280 


In the absence of knowledge about the dioxygen-sensitivity of 
the unknown E. coli gene product, the protein was expressed in 
E. coli cells grown anaerobically. SDS/PAGE of cellular extracts 
demonstrated a very high level of expression of this gene ın its 
natural host. No lysine 2,3-aminomutase activity could be 
detected, either in cellular extracts or 1n the purified protein, with 
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Figure 8 Correlation of spin with enzyme concentration and activity 


All samples coniained 100 mM Hepps buffer at pH 80, 672 mM lysine, 25 mM sodium 
dithionite and 2 0 mM AdoMet, in addition to components cared over from the pre-activation 
incubation along with the enzyme Activity was measured by radiochemical assay of the same 
activated enzyme at concentrabons identical to those used to generate EPR samples C], 
Specific enzymuc activity, ©, spin concentration 


or without reductive pre-incubation. This suggested a different 
and still unknown biological activity for this protein. The solid 
line in Figure 2 is the UV-visible absorption spectrum of the 
P39280 gene product. It includes a band at 420 nm and a long- 
wavelength tail, indicative of an iron sulphide cluster. Analysis 
for iron and sulphide confirmed their presence in equimolar 
amounts corresponding to about 3.0 mol per mol of subunits. 
This 1s in accord with the presence of the cysteine motif in the 
amino acid sequence (Figure 1A). The spectrum was similar to 
that of lysine 2,3-aminomutase but slightly less intense in the 
region of 400—430 nm, perhaps because of the absence of PLP. It 
was concluded that the E. coli protein of unknown function was 
not a lysine 2,3-aminomutase. 


DISCUSSION 


Oxygen insensitivity and low activity of B. subtilis lysine 2,3- 
aminomutase 


Lysine 2,3-aminomutase from C. subterminale SB4 is extremely 
oxygen sensitive. Purification of the clostridial enzyme must be 
carried out under strictly anaerobic conditions to ensure maximal 
activity because exposure to dioxygen leads to irreversible 
destruction of the iron-sulphur cluster. In contrast, the B. subtilis 
lysine 2,3-aminomutase can be expressed and purified under 
aerobic conditions without loss of activity or iron-sulphur 
clusters. The purified enzyme must still be reductively pre- 
incubated with L-cysteine under anaerobic conditions to display 
its maximum activity, but the iron-sulphur cluster 1s not ir- 
reversibly oxidized by dioxygen. Dioxygen insensitivity is a 
potential advantage for future mechanistic studies of the B. 
subtilis enzyme and for its practical use in the production of L-8- 
lysine. 

Although the activity of the B. subtilis enzyme is ~ 1.7% that 
of the clostridial enzyme, the spin concentration associated with 
the radical intermediate under steady-state conditions is 20—25 % 
of the tetrameric enzyme concentration, comparable with the 
observed spin intensity for the clostridial enzyme [6]. Fur- 
thermore, a very small deuterium kinetic isotope effect of k,/k, 
æ 1.2 was observed with L-[3,3,4,4,5,5,6,6-?H,]lysine in the 


reaction of the B. subtilis enzyme, whereas an isotope effect of 3.0 
was observed for the clostridial enzyme [10]. The high spin 
concentration generated during turnover and the low primary 
kinetic isotope effect in the reaction of the B. subtilis enzyme 
suggest that there is a slow step after the hydrogen-abstraction 
step, presumably the release of f-lysine. 


The catalytically functional states of the lron-sulphur cluster 


A strong, one-electron reducing agent such as dithionite is 
needed for activity in both the clostridial and the B. subtilis lysine 
2,3-aminomutase-catalysed reactions. The strong reducing agent 
activates clostridial enzyme by reducing the iron-sulphur cluster 
from the EPR-silent [4Fe-4S]** to the fully reduced [4Fe-45]*, 
which displays a low-temperature EPR spectrum centred at 1.85 
g. The reduction requires the presence of AdoMet or AdoHCys, 
indicating that the binding of AdoMet to the enzyme makes the 
reduction potential of the iron-sulphur cluster less negative [11]. 
The E-[AFe-4S]* /AdoMet is postulated to be in equilibrium with 
a low concentration of a radical-initiating form that contains the 
5’-deoxyadenosyl radical and may be designated as E-[4Fe- 
4S]** /Met/Ado'. The radical rearrangement is initiated by action 
of the 5'-deoxyadenosyl radical in abstracting a hydrogen atom 
from C-3 of lysine, which 1s bound as its external aldimine with 
PLP (Scheme 1). 

Although the B. subtilis enzyme also requires a strong reducing 
agent for activity, dithionite is less effective in reducing the iron- 
sulphur cluster to [4Fe-4S]* than in the case of the clostridial 
enzyme. Only a weak broad EPR signal centred at g — 1.9 could 
be detected in the presence of AdoMet or AdoHCys, whereas a 
strong EPR signal is observed with the clostridial enzyme under 
the same conditions (Figure 4). However, the low g value (1.9) 
and the breadth of the B. subtilis signal are characteristic of [4Fe- 
4S]* clusters. The fact that a strong reducing agent such as 
dithionite is required for activity by both enzymes suggests that 
[4Fe-4S]* is also the active state in the B. subtilis enzyme. The low 
concentration of the reduced form in the B. subtilis enzyme, with 
dithionite as the reducing agent, may mean that the reduction 
potential for [AFe-4S]** + e^ — [4Fe-4S]* is more negative than in 
the case of the clostridial enzyme. The low concentration of [4Fe- 
4S]* in the B. subtilis lysine 2,3-aminomutase may contribute to 
its low activity relative to the clostridial enzyme. 


On reductive pre-incubation 


Although the purified B. subtilis lysine 2,3-aminomutase displays 
a trace of activity, reductive pre-incubation with L-cysteine 
increases it more than 15-fold. The increase is not directly 
correlated with the amount of the [4Fe-4S]** state in the purified 
enzyme, indicating that L-cysteine does more than simply reduce 
the iron-sulphur cluster to [4Fe-4S]**. The requirement for L- 
cysteine in the pre-activation mixture suggests that cysteine may 
act as both a reducing agent and an activator ın helping to 
position the iron-sulphur clusters in a reactive state. A possible 
function of L-cysteine is to remove inhibitory ligands adven- 
titiously bound to the active site, perhaps to the iron-sulphur 
cluster, during cell growth and enzyme purification. 


Effect of 5'-deoxyadenosine on activity 


The data in the Jast four lines of Table 4 show that, 1n the absence 
of added AdoMet, 5'-deoxyadenosine significantly activates the 
enzyme Under these conditions, 5’-deoxyadenosine is postulated 
to activate by increasing the amount of endogenous AdoMet. 
This could occur if part of the AdoMet sites were non-pro- 
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ductively occupied by methionine in a poised state from which 
5’-deoxyadenosine had escaped. Reduction of the iron-sulphur 
cluster by dithionite in the presence of exogenous 5'-deoxy- 
adenosine could lead to the formation of AdoMet, thereby 
activating those sites. The modest extent of activation by 5'- 
deoxyadenosine in Table 4 indicates that only a small percentage 
of the active sites could exist in such a poised state. 


Significance of lysine 2,3-aminomutase associated with the yod 
operon 


The yodO gene lies between yodP and yozE within a gene cluster 
of the Bacillus genome [15]. This cluster includes yodT, yodS, 
yodR, argE, yodP, yodO and yozE in an orientation in which 
yodT is transcribed first and yozE is last. The products of yozE 
and yodP are not similar to other known proteins. The argE gene 
encodes acetylornithine deacetylase for arginine biosynthesis, 
while the products of yodR, yodS and yodT are similar 
to butyrate:acetoacetate-CoA transferase, 3-oxoadipate-CoA 
transferase and adenosylmethionine:8-amino-7-oxononanoate 
aminotransferase, respectively. From this information, and our 
observation that the yodO protein does not accept either arginine 
or ornithine as aminomutase substrates, the relationship between 
the Bacillus lysine 2,3-aminomutase and other proteins encoded 
by this cluster cannot be ascertained at the present time. 


The homologous product of F. coll gene P39280 


The biological function of the E. coli gene product is un- 
known. Although it shares significant sequence identity with 
the clostridial and B. subtilis lysine 2,3-aminomutases (30 94), 
residues that may be important for PLP binding, including a 
]ysine residue, are absent, and PLP cannot be detected 1n the 
purified protein. Therefore, despite being homologous to lysine 
2,3-aminomutase, the E. coli protein cannot be an aminomutase. 

The gene is located in the E. coli genome adjacent to efp, 
encoding elongation factor P involved in the control of protein 
synthesis [27], and downstream from groES and groEL (mopA), 
genes which code for chaperonin proteins [28,29]. The fact that 
these genes do not code for enzymes directly or indirectly 
involved in lysine metabolism further supports a different bio- 
logical role for this protein. 


Other homologues of lysine 2,3-andnomutase 


Among the seven homologues of C. subterminale \ysine 2,3- 
aminomutase in Figure 1, two in addition to the Bacillus yodO- 
product are likely to be lysine 2,3-aminomutases. All of the 
homologues contain the cysteine motif (Figure 1A), but only 
the upper four contain the PLP-binding motif (Figure 1B). Those 
that include the PLP-binding motif are likely to be lysine 2,3- 
aminomutases. In particular, the homologous protein in P. 
gingivalis is 72% identical to C. subtermmale lysine 2,3- 
aminomutase. The lower three homologues, including the E. coli 
protein, lack the PLP-binding motf and are unlikely to be lysine 
2,3-aminomutases. The homologous protein in A. aeolicus 
includes a sequence that is similar to and aligned with the PLP 
motif in the other proteins, but with lysine and arginine in 
reversed positions. This protein cannot be assigned with con- 
fidence as a lysine 2,3-aminomutase, although the possibility 
should be regarded as open. 
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Down-regulation of the Ins(1,4,5)P, receptor is an adaptive 
response to the activation of certain phosphoinositidase C-linked 
cell-surface receptors. It is manifested as a profound decline in 
cellular Ins(1,4,5)P, receptor content, occurs with a half-time of 
0.5-2 h and is due to accelerated proteolysis. It has been shown 
that this process is mediated by the ubiquitin/proteasome 
pathway and is therefore initiated by Ins(1,4,5)P, receptor 
ubiquitination. To investigate the role of ligand binding in 
Ins(1,4,5)P, receptor ubiquitination, we expressed ‘exogenous’ 
wild-type and ligand-binding-defective mutant type I Ins(1,4,5)P, 
receptors in human neuroblastoma SH-SYSY cells, in which 
muscarinic receptor activation elicits Ins(1,4,5)P, receptor 
down-regulation. We found (1) that exogenous wild-type 
Ins(1,4,5)P, receptors are efficiently ubiquitinated 1n response to 
muscarinic receptor stimulation, (2) that exogenous ligand 


binding-defective mutant Ins(1,4,5)P, receptors are resistant to 
ubiquitination, (3) that this resistance is not caused by the 
removal of potential ubiquitin-conjugating sites in the mutated 
region, and (4) that in heterotetramers of exogenous mutant 
receptors and ‘endogenous’ receptors, only the latter are targeted 
for ubiquitination. These results indicate that the binding of 
Ins(1,4,5)P, directly stimulates ubiquitination of the Ins(1,4,5) P, 
receptor and that the targeting of Ins(1,4,5)P, receptors for 
ubiquitination is a highly specific process. We therefore pro- 
pose that an Ins(1,4,5)P,-binding-induced conformational 
change in the receptor exposes a degradation signal that leads to 
ubiquitination. 


Key words: degradation signal, muscarinic, neuroblastoma, 
ubiquitin. 





INTRODUCTION 


Ins(1,4,5)P, receptors [Ins(1,4,5)P,Rs] form tetrameric, Ins- 
(1,4,5)P,-gated Cat channels in endoplasmic reticulum 
membranes, and have a pivotal role 1n intracellular signalling 
[1-4]. By governing the release of Ca?* stored in the endoplasmic 
reticulum, they allow extracellular ligands that activate phos- 
phoinositidase C and elevate Ins(1,4,5)P, concentrations to 
increase cytoplasmic Ca** concentration [1-4]. Three 
Ins(1,4,5)P,R types, termed I, H and III, have been defined [4-8]. 
These proteins share moderate (60—70 95) amino acid sequence 
identity and the same general structure [4—8], and can combine to 
form either homotetramers or heterotetramers [9-11]. 

Persistent phosphoinositidase C activation can cause 
Ins(1,4,5) P, R down-regulation [12-18]; Ins(1,4,5) P,Rs therefore 
represent a novel locus for the desensitization of phospho- 
inositidase C-mediated signalling. This down-regulation de- 
creases the sensitivity of Ca** stores to Ins(1,4,5)P, [12,18], is 
due to accelerated receptor proteolysis [14,15], has a half-time of 
0.5-2 h [14-18], can decrease Ins(1,4,5) P,R levels by as much as 
90% [14,15], is evident with all three receptor types [15,17,18], 
and occurs in a variety of cells in vitro [14-18] and in vivo [19]. 
Although the mechanism of Ins(1,4,5) P, R proteolysis has yet to 
be defined, it might be executed through the ubiquitin/ 
proteasome pathway [17-20], a pathway crucial to basal and 
regulated degradation of many cytosolic, nuclear, and membrane 
proteins [21-25]. 

The first step in the ubiquitin/proteasome pathway is the 
conjugation of ubiquitin, a 76-residue protein, to one or more 
lysine residues in the substrate destined for degradation [21-25]. 
This ubiquitination is sequentially catalysed by a ubiquitin- 


activating enzyme (El), a ubiquitin-conjugating enzyme (E2, or 
Ubc) and a ubiquitin ligase (E3) [21-25]. Because the newly 
attached ubiquitin can also be ubiquitinated, targeted proteins 
become tagged with ubiquitin chains [21-25]. Polyubiquitinated 
proteins are then recognized and degraded by the proteasome, a 
26 S multi-subunit protease [26,27]. Thus ubiquitin conjugation 
has a central role, and seems to be the rate-limiting step, in 
directing proteins towards proteasomal degradation [21,26] 
Several mechanisms [28-31] have been proposed as the stimulus 
or ‘degradation signal’ for ubiquitination but no information 1s 
yet available on what activates Ins(1,4,5)P,R ubiquitination, 
other than indirect evidence that Ins(1,4,5)P, 1s the trigger, this 
comes from studies showing that Ins(1,4,5) P,R ubiquitination ts 
seen only with those agonists that persistently elevate Ins(1,4,5) P, 
concentration [20]. 

Here we describe studies aimed at defining the event that 
initiates Ins(1,4,5)P,R ubiquitination. We have focused on the 
ubiquitination of wild-type and ligand-binding-defective mutant 
Ins(1,4,5)P,Rs stably expressed 1n human neuroblastoma SH- 
SY5Y cells. This has allowed us to establish that ligand binding 
is the stimulus for Ins(1,4,5)P, receptor ubiquitination. 


EXPERIMENTAL 
Cell culture and cell [ines 


SH-SYSY cells were grown as monolayers as previously de- 
scribed [15,32]. The generation and maintenance of 
SIns(1,4,5)P,RHA and SAIns(1,4,5)P,RHA cells, which are 
transfected SH-SY5Y cells stably expressing haemagglutinin 
(HA) epitope-tagged mouse cerebellum wild-type type I receptor 
[Ins(1,4,5)P,RHA] and binding-defective mutant type I 


Abbreviations used ALLN, N-acetyi-Leu-Leu-norleucinal, HA, haemaggiutinin, Ins(i,4,5)P,R, wild-type mouse type | ins(1,4,5)P, receptor, 
Ins(1,4,5) PjRHA, HA epitope-tagged Ins(1,4,5)P,R, Alns(1,4,5)P,RHA, HA epitope-tagged binding-defective Ins(1,4,5)P4 mouse type | Ins(1,4,5) P4 
receptor, K350RIns(1,4,5) PSRHA, Ins(1,4,5) PSRHA with a substitution of arginine for Lys-350 
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receptor [AIns(1.4,5) P,RHA] respectively, have been described 
[32]. The HA epitope tag (YPYDVPDY A) was introduced at the 
receptor C-terminus [32]; the binding-defective mutant receptor 
lacked 37 residues (316—352) in the ligand-binding domain [33]. 
Culture medium was changed every 3 days and was replaced 1 
day before experiments. 

To replace Lys-350 (K350) with arginine (R) in Ins- 
(1,4,5)P,RHA, peWIHA, which carries the cDNA insert 
encoding Ins(1,4,5)P,RHA [32], was mutated; A? was changed 
to G in the codon for K350 (A? AA®™) by PCR-based site- 
directed mutagenesis. In brief, primers Pl (5-ATGTCGTAAC- 
AACTCCGCCCCATTG-3) and P2 (5-CCAGAGAGTATAC- 
CATTCTTTCTTGCGCGTTTC-3)) were used to amplify the 
region between nt 743 of the vector [32] and 1394 of the insert. 
and primers P3 (5-GAAACGCGCAAGAAAGAATGGTAT- 
ACTCTCTGG-3) and P4 (5-CTGCTTCTGCATGAAGCCA- 
AACTGC-3) were used to amplify the region between nt 1362 
and 2080 of the insert. Thus mismatched nucleotides (underlined 
in P2 and P3) were introduced into the 1589 bp and 718 bp 
fragments produced. These two fragments were then fused via 
their overlapping regions through denaturing, annealing and 
DNA polymerization [32]. yielding a 2135 bp sequence. After 
amplification with Pl and P4, the fusion product was digested 
with Kpnl (New England Biolabs) and was substituted for the 
corresponding region of pcWIHA, yielding pcK350RWIHA, 
encoding K350RIns(1.4,5) PjRHA. The mutation and sequences 
derived from amplification were validated by DNA sequencing. 
Stable transfection of SH-SY SY cells [32] with pcK 350RWIHA 
was performed with LipofectAMINE (Life Technologies). 


Measurement of ins(1,4,5)P,R ubiquitination 


Cells were grown in dishes 10 cm in diameter to confluence and, 
before exposure to agonist, were preincubated for 2h with N- 
acetyl-Leu-Leu-norleucinal (ALLN), a potent proteasome in- 
hibitor [34] that leads to the accumulation of ubiquitinated 
proteins within cells [17,20]. Agonist-stimulated or control cells 
were then disrupted for 20 min in ice-cold lysis buffer [150 mM 
NaCl/50mM_ Tris base/1 mM EDTA/I°, (v/v) Triton X- 
100/0.2 mM . PMSF/! mM dithiothreitol/10 4M  leupeptin/ 
I0 «M pepstatin/0.2 4M soybean trypsin inhibitor. (pH 8.0); 
| ml per dish of cells] and were centrifuged (14000 g for 10 min 
at 4°C). Supernatants were then incubated for 2 h at 4 ^C with 
either 100 4] of CTI jan affinity-purified. rabbit. polyclonal 
antibody against the type I Ins(1,4,5)?,R [I5]; or 2 4d of HAT] 
(a mouse monoclonal antibody against the HA epitope [32]) and 
then for a further 2 h at 4 °C with 10 mg of Protein A-conjugated 
Sepharose CL-4B beads. The immunoprecipitates were then 
washed four times with I ml of lysis buffer and were finally 
resuspended in 80”! of gel-loading buffer [100 mM Tris/HCl 
(pH 6.8)/200 mM dithiothreitol/4°,, (w/v) SDS/0.2", Bromo- 
phenol Blue/20°,, (v/v) glycerol]. Samples and prestained mol- 
ecular mass markers were then separated by SDS/PAGE [5° 
(w/v) gel]. transferred to nitrocellulose membranes and probed 
with CTI, HAI! or polyclonal anti-ubiquitin as described [20]. 
Immunoreactivity was detected by enhanced chemiluminescence 
(Pierce) and X-ray film [15.20], and was quantified with Quantity 
One software (Bio-Rad). using the range in which band intensity 
was linearly related to the quantity of ubiquitinated receptors 
loaded. Molecular mass values and quantified chemiluminescence 
are expressed as means (n = 3) or means t S.E.M. (n = 3). 

To measure selectively the ubiquitination of HA-tagged 


Ins(1,4.5)P,Rs, a two-step immunoprecipitation procedure [20] 
ras performed to concentrate ubiquitinated species. In brief, in 


step |, HATI-derived immunoprecipitates were prepared, washed 
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three times with 1 ml of 150 mM NaCl/50mM_ Tris base 
(pH 8.0)/1 mM EDTA/0.2 9; (v/v) Triton X-100 and heated for 
3min at 100°C in 100 wl of 150 mM NaCl/50 mM Tris base 
(pH 8.0)/1] mM EDTA/20mM © dithiothreitol/1°, (w/v) 
BSA/1*5 (w/v) SDS. This denatured the immunoprecipitated 
proteins, causing disassembly of the immune complex and 
dissociation of Ins(1.4,5)P,R tetramers [20]. The samples were 
then centrifuged (500 g for | min at 20°C) and supernatants 
were collected and diluted with 0.9 ml of ice-cold lysis buffer. In 
step 2, half of the diluted supernatants were incubated with 1.5 zl 
of monoclonal anti-ubiquitin for 2 h and then with Protein A 
beads for 2 h at 4 °C to precipitate ubiquitinated receptors; the 
remainder, which served as a control, was processed identically, 
except that monoclonal anti-ubiquitin was omitted. After four 
washes with | ml of lysis buffer, the beads were resuspended in 
80 wl of gel-loading buffer and were probed in immunoblots with 
CTi, HAI1 and polyclonal anti-ubiquitin. 


Materials 


Sources of materials for cell culture, immunoprecipitation, 
immunoblotting. transfection, and PCR were as defined pre- 
viously [15,20.32]. 


RESULTS 


Ins(1,4,5)P,R ubiquitination in human neuroblastoma SH-SY5Y 
cells 


Before transfection of Ins(1,4,5)P,R cDNA species, we sought to 
determine whether ‘endogenous’ Ins(1.4,5) P,Rs in SH-SYSY 
cells. which are predominantly (more than 99 ",,) type I [I5]. are 
ubiquitinated and whether ubiquitination of these receptors is 
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Ins(1,4,5)P,R ubiquitination is stimulated by muscarinic receptor 


SH-SY5Y cell monolayers were preincubated with ALLN (20 pg/ml} for 2 h and then exposed 
lor 1h to vehicle Gane 1; 1 mM carbachol (lane 2). 10 4M atropine (lane 3) or 1 mM 
carbachol plus 10 4M atropme dane 4). Ins(1.4,5) P, Rs were then immunoprecipitated with 
CT1, resolved by SDS/PAGE [5% (w/v) gell and probed in immunoblots with either polyciona: 
anti-ubiquitin (upper panel) or CTI (ower panel) The migration positions of molecular mass 
markers (in kDa? (fines), type | ins(1.4.519,Rs (arrow) and ubiquitinated ins(1,4,5) P RS (square 
bracket] are indicated. The arrowhead indicates the posilion to which unmodified type | 
insí1,4 51P Rs. migrated The images shown (the lower panel being only the approx. 


190-380 kDa region of a gel! are representative of three independent experiments. 
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Figure 2 Concentration- and time-dependence of Ins(1,4,5)P,R ubiquitination 
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SH-SYSY cell monolayers were preincubated with ALLN (20 g/ml) for 2 h and then exposed for 1 h to 0, 0.1, 1, 10, 100 or 1000 4M carbachol (A, lanes 1—6) or to 10 AM carbachol for 0, 
10, 30, 60, 120 or 240 min (C, lanes 1—6). Ins(1.4.5)P,Rs were then immunopurified, probed and labelled as in Figure 1. The images shown (upper panels, approx. 190--420 kDa; lower panels, 
approx. 190—380 kDa) are representative of three independent experiments. (B. D) Quantified ubiquitin immunoreactivity is also expressed as a percentage of maximal chemiuminescence. 


correlated with the characteristics of muscarinic agonist 
(carbachol)-induced Ins(1.4,5)P,R down-regulation described 
previously for this cell type [13—16]. Figure | shows that carbachol 
does indeed cause the association of ubiquitin immunoreactivity 
with immunoprecipitated type | receptors. The apparent mol- 
ecular mass of the ubiquitinated species ranged from 285 to 
383 kDa, was centred on 323+6kDa (Figure |. upper panel. 
lane 2), and was considerably greater than that of unmodified 
type I Ins(1.4,5) P, Rs (approx. 260 kDa). This observation indi- 
cates that carbachol stimulates Ins( 4,5)P,R polyubiquitination, 
and agrees with findings from agonist-stimulated WB rat liver 
epithelial cells [17], AR4-2J rat pancreatoma cells. INS-1 rat 
insulinoma cells and neonatal rat cerebellar granule cells [20], in 
which polyubiquitinated Ins(1.4,5)P,Rs migrated similarly. 
Ins(1.4,5)P,R down-regulation was not substantial in these 
experiments (Figure I, lower panel, compare lanes | and 2). 
because the proteasome inhibitor ALLN was included in incu- 
bations. However, despite this blockade and the accumulation of 
ubiquitinated species, we were unable to detect CTI immuno- 
reactivity in the area in which ubiquitinated Ins(1,4,5) P, Rs 
migrated (Figure l, lower panel, lane 2), indicating that the 
steady-state level of ubiquitinated Ins(1.4,5) P, Rs in stimulated 
cells remained low. This was consistent with findings in other cell 
types [17,20] and might reflect the activity of de-ubiquitinating 


enzymes [20] or feedback inhibition of Ins(1,4,5) P, R. ubiquitin- 
ation by accumulating ubiquitinated species; it was not due to 
masking of the CTI epitope by ubiquitin (20]. Figure | (upper 
panel, lane 4) also shows that the effects of carbachol were 
muscarinic-receptor-mediated, because atropine. a specific mus- 
carinic receptor antagonist, totally blocked the appearance of 
ubiquitin immunoreactivity. 

Analysis of the concentration dependence (Figures 2A and 2B) 
and the time course (Figures 2C and 2D) of ubiquitination 
revealed that the response had an EC, ofapprox. | 4M carbachol 
and a half-time of approx. 30 min. These results are similar to 
those for the carbachol-induced down-regulation of the type I 
Ins(1.4,5) P, R. in this cell type, which were approx. 0.1 «M and 
approx. | h respectively [14]; the discrepancies might reflect the 
inclusion of ALLN in the present study. Thus Ins(1.4,5) P,R 
ubiquitination in SH-SYSY cells occurs with characteristics 
consistent with its having a role in mediating Ins(1.4.5)P,R 
down-regulation. 


Ins(1,4,5)P,R ubiquitination in SH-SY5Y cells transfected 
with Ins(1,4,5)P,R cDNA species 


To define whether Ins(1.4,5) P, binding is important in initiating 
Ins(1.4.5)P,R ubiquitination, we generated SIns(1.4.5) P,RHA 
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Figure 3 Ins(1,4,5)P,R ubiquitination in cells expressing exogenous Ins(1,4,5)P,Rs 


S üanes 1—4), Sins(1,.4,5) P, RHA (lanes 5-8). and SAins(1.4,5) P,RHA (lanes 9-12) cell monolayers were pretreated with ALLN (20 ug/mli for 2 h and then exposed to 1 mM carbachol tor 
Oh (lanes 1, 5, 9), 0.5 h (lanes 2, 6, 10), 2 h (lanes 3, 7, 11) or 4 h (lanes 4, B, 12). Ins(1,4,5) P Rs were then immunoprecipitated with either CTI (A) or HAT! (Bj, resolved by SDOS/PAGE 


and SAlns(1,4,5)P,RHA, SH-SYSY cell lines that stably 
expressed HA-tagged wild-type and binding-defective mutant 
Ins(1.4,5) P,Rs respectively, at levels 2-4-fold those of endo- 
genous type I receptors [32]. Previous work with these cells 
had shown (1) that the endogenous and 'exogenous' HA- 
tagged Ins(1,4,5) P, Rs assemble into heteromers and form func- 
tional Ins(1.4,5) P,-sensitive Ca?* channels, (2) that carbachol- 
induced Ins(1.4,5)P, generation and Ca? mobilization in intact 
cells are essentially unaffected bv the expression of either 
Ins(1.4.5) P,RHA or Alns(1.4,5) P,RHA. and (3) that CTI recog- 
nizes and immunoprecipitates both [32]. 

Figure 3 depicts the ubiquitination of Ins(1,4,5)P,Rs in 
SIns(1,4,5) P,RHA and SAlIns(1,4,5) P,RHA cells and in con- 
trol cells (S,,.. SH-SYSY cells transfected with empty vector 
[32]. To facilitate the comparison of the efficiencies of recep- 
tor ubiquitination, differences between the cell lines in receptor 
expression levels were compensated for by the loading of 
approximately equal amounts of immunopurified receptors for 
each cell line under control conditions (Figure 3A, lower panel, 
lanes 1, 5 and 9, and Figure 3B, lower panel, lanes 5 and 9). 
Consistent with SH-SYSY cells (Figure 1) was the observation 
that carbachol stimulated the polyubiquitination of CTI- 
immunoprecipitatable Ins(1,4,5)P,Rs in the three cell lines (Fig- 
ure 3A, upper panel). Little difference in the time course and the 
extent of receptor ubiquitination was seen between Sue 
and SIns(1,4,5) P,RHA (lanes 1-4 and 5-8) cells, whereas 
ubiquitination was somewhat attenuated in SAlIns(1.4.5)P, RHA 
cells (lanes 9-12). These results suggest that, whereas Ins- 
(1,4,5) P,RHA ubiquitination proceeds normally, Alns(1.4,5) P,- 
RHA might be resistant to ubiquitination. 

Note that the ubiquitin immunoreactivity detected in Figure 
3(A) was derived from both endogenous and exogenous 
Ins(1.4.5) P, Rs, because CT, interacts with both [32]. To examine 
more selectively the ubiquitination of exogenous Ins(1.4,5) P, Rs, 
we also used HAI1, which interacts only with HA-tagged 
receptors [32], as an immunoprecipitating agent. Owing to recep- 
tor heteromerization, however, a minor proportion of the 
receptors recovered will be co-immunoprecipitating endo- 
genous receptors [32]. Figure 3(B) shows that HAI] did not 
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(5% (w/v gel] and probed in immunoblots with polyclonal anti-ubiquitin (upper panels) or CTI (lower panels). The migration positions of type | ins(1,4,5) P,Rs (arrow) and ubiquitinated Ins(1,4,5) P, Rs 
(square bracket) are indicated. The images shown (upper panels, approx. 190-420 kDa; lower paneis, approx. 220—320 kDa) are representative of three independent experiments. 


immunoprecipitate material from S. cells (lanes 1-4), as ex- 
pected, and that HAIl-immunopurified receptors from Sins- 
(1,4,5) P,RHA cells cross-reacted with anti-ubiquitin in a similar 
fashion to CTl-immunopurified endogenous receptors (compare 
Figure 3B, upper panel, lanes 5-8, with Figure 3A, upper panel, 
lanes 1-4). suggesting again that Ins(1,4,5) P,RHA is ubiqui- 
tinated normally. Strikingly, a parallel analysis of SAIns- 
(1.4,5) P,RHA cells yielded much less ubiquitin immunoreactivity 
(Figure 3B. lanes 9-12), indicating that Alns(1,4.5)P,RHA 
ubiquitination was severely impaired; the residual ubiquitin 
immunoreactivity (lanes 9-12) might have originated from ubi- 
quitinated endogenous Ins(1,4,5)P,Rs that co-immunoprecipt- 
tated with AIns(1,4,5) P,RHA [32]. It is therefore plausible that 
Alns(1,4,5) P,RHA is totally resistant to ubiquitination. 

To confirm or refute this suggestion, equal quantities. of 
HAll-immunopurified receptor complexes from stimulated 
S1ns(1,4,5) P,RHA and SAIns(1,4,5) P,RHA cells (obtained as in 
Figure 3B) were disrupted by being heated in the presence of 1 *;, 
(w/v) SDS, and then ubiquitinated receptors were isolated by 
immunoprecipitation. Figure 4(A) (lower panel, lane 1) shows, as 
expected, that receptors so isolated from $Ins(1,4,5)P,RHA cells 
cross-reacted strongly with polyclonal anti-ubiquitin. Further- 
more, and in contrast with the findings in Figures 1, 2 and 3, 
these receptors were now also recognized by CT] (Figure 4A, 
lane 1, top panel) apparently because of the enrichment of 
ubiquitinated species [20]. Importantly, HA11 also recognized 
these receptors (Figure 4A, middle panel, lane 1). confirming 
that ubiquitin was conjugated to Ins(1,4.5)P,RHA. Note also that 
immunoreactive bands were not detectable in control samples 
from this cell type (Figure 4A, middle panel, lane 3). When the 
same procedure was applied to SAIns(1,4,5) P,RHA cells, only 
weak immunoreactivity to either anti-ubiquitin (Figure 4A, 
bottom panel, lane 2) or CTI (top panel, lane 2) was identified 
and, strikingly, specific immunoreactivity against HAI in the 
region corresponding to ubiquitinated receptors was not detected 
(middle panel, lane 2), indicating that Alns(1,4.5) P,RHA was 
totally resistant to ubiquitination. Note that a background of 
non-specific immunoreactivity is present in both lanes | and 2 of 
Figure 4(A) (middle panel), apparently because, in this case, 
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Figure 4 Ubiquitination of exogenous ins{1,4,5)P,Rs 


Sins(1,4.5) P,RHA (lanes 1 and 3) SAins(1,4.5)P,RHA (lanes 2 and 4) and SK350Rins- 
(1,4,5) P, RHA (lanes 5 and 6) cell monolayers were pretreated with ALLN (20 gamh for 2 h 
and then exposed to 1 mM carbachol for 1 ^. Ins(1 5,5) P, Rs were then immunoprecipitated with 
HAT? and disrupted by being boiled in the presence of 1% (w/v) SDS. The dissociated receptors 
were then immunoprecipitated with monocional anti-ubiquitin to concentrate ubiquitinated 
receptors (anes 1. 2 and 5). As controls, duplicate samples were processed identically except 
that monocional anti-ubiquitin was omitted (lanes 3, 4 and 6). Alter separation by SDS/PAGE 
[5% (w/v) gel], samples were probed with CT1 (top panel), HATI (middle pane!) or polyclonal 
anti-ubiquitin (bottom panel) The migration positions of ubiquitinated ins(1,4,5)ARs are 
denoted by square brackets. images (approx. 220—420 kDa) shown are representative of three 
(A) or two (B) independent experiments. 


HAI! was used both as the immunoprecipitating antibody and 
the probing antibody: the band corresponding to ubiquitinated 
receptors in lane ] is superimposed on this background. The lack 
of immunoreactivity to HAI! (Figure 4A, middle panel, lane 2) 
also indicates that the weak immunoreactivity to anti-ubiquitin 
and CTI was derived from ubiquitinated co-immunoprecipitating 
endogenous receptors [32]. and that the low level of ubiquitin 
immunoreactivity seen in Figure 3(B) (upper panel, lanes 10-12) 
had the same origin. Remarkably. therefore, these results also 
reveal that individual subunits in a tetrameric channel can be 
differentially targeted for ubiquitination. 


Mutation of K350 does not affect Ins(1,4,5)P,R ubiquitination 


Although the total resistance of Alns(1.4.5)P,RHA to ubiqui- 
tination (Figure 4A) most probably reflects its inability to bind 
Ins(1.4,5) P, the possibility also exists that the 316-352 deletion 
in Alns(1,4.5) P,RHA might have removed lysine residues that 
were ubiquitin conjugation sites. Indeed. the deletion did remove 
one lysine residue, K 350. Therefore. to define the importance of 
K 350 to receptor ubiquitination. we replaced it with arginine, to 
which ubiquitin cannot be conjugated. and stably expressed this 
mutant [K350RIns(1,4,5)P,RHA] in SH-SYSY cells. 

Figure 4(B) (lane 5) shows that in response to carbachol, 
immunopurified K350RIns(1.4,5)P,RHA was recognized by 
CTI. HAI! and anti-ubiquitin. indicating that it was ubiqui- 
tinated and that the loss of K350 could not account for the 
resistance of Alns(1.4,5)P,RHA to ubiquitination. Consistent 
with this observation was our finding that carbachol caused 
Ins(1.4,5)P,R down-regulation in SK350RIns(1.4,5)P,RHA 
cells (results not shown) to an extent indistinguishable from that 
seen in SIns(1,4,5)P,RHA cells [32], indicating that the K350R 
mutation did not affect Ins(1,4,5) P, R down-regulation. 


DISCUSSION 


In the present study we have demonstrated (1) that muscarinic 
receptor stimulation activates type I Ins(1,4,5) P, R ubiquitination 
in SH-SYSY cells and that this correlates well with the charac- 
teristics of Ins(1,4,5) P,R down-regulation in this cell type, (2) 
that ligand-binding-defective mutant Ins( 1.4,5) P, Rs are resistant 
to ubiquitination, (3) that K350, which is missing from the 
mutant Ins(1.4,5)P,Rs, is not required for Ins(1.4,5)P,R 
ubiquitination, and (4) that individual Ins(1,4.5) P, R subunits in 
a tetrameric channel are differentially targeted for ubiquitination 
(only those subunits with ligand-binding activity are ubiqui- 
tinated). We therefore conclude that Ins(1.4,5)P, binding is 
directly responsible for initiating Ins(1,4,5) P,R. ubiquitination 
and that the targeting of Ins(1,4,5) P.Rs for ubiquitination is a 
highly specific process. Importantly, these results can account for 
our previous findings [32] that AIns(1.4,5) P,RHA is resistant to 
carbachol-iniiated down-regulation and strengthen the causal 
link between ubiquitination and receptor degradation. They also 
agree with findings [32] that only the endogenous Ins(1.4,5) P, Rs 
in AIns(1.4,5) P,RH A-containing heterotetramers are degraded in 
response to carbachol. 

This selectivity argues against the suggestion [16] that 
mobilized Ca** might stimulate Ins(1.4,5)P,R degradation, 
perhaps by activating ubiquitination, a possibility given credence 
by observations that domains of high Ca?* concentration exist 
near the mouth of open Ins(1,4,5) P, R channels [2]. If this were 
so, then ubiquitination and degradation of all subunits in a 
tetramer should be accelerated simultaneously whether or not 
they bound Ins(1.4.5) P4, because they would all be exposed to 
the high Ca” concentrations. 

Rather, our results point to two possible mechanisms by which 
Ins( 1.4.5) P, binding could initiate Ins( 1.4.5) P,R ubiquitination. 
First, ubiquitination could result from a modification of inter- 
actions between tetramerized receptor subunits. The degradation 
signal that mediates ubiquitination in each subunit could be 
Shielded by other subunits of the tetrameric complex: 
Ins(1.4,5)P,-induced subunit reorganization could expose this 
region. This type of mechanism has been observed for the veast 
transcription factors x2 and al, both of which, when expressed 
alone. are short-lived proteins that are degraded through the 
ubiquitin/proteasome pathway [35.36]. However, when co- 
expressed they heterodimerize, their degradation signals become 
masked, and they are stable [35,36]. Although theoretically 
possible. it is, however, hard to envisage how only the degradation 
signal of endogenous receptors, and not mutant receptors, could 
be exposed after Ins(1.4,5)P,-driven conformational changes to a 
tetramer. Second, and perhaps more likely, is the possibility that 
conformational changes within individual subunits account for 
receptor ubiquitination. In this model, the degradation signal of 
each receptor subunit is buried intramolecularly and exposure 
of this signal is triggered by Ins(1,4,5) P,-binding-induced con- 
formational changes. Thus  ligand-occupied endogenous 
Ins(1,4,5)P,Rs in Alns(1.4,5) P,RHA-containing channels are 
ubiquitinated. whereas AIns(1.4,5) P,RHA subunits are not. This 
mechanism would be analogous to the ubiquitin-dependent 
destruction of misfolded proteins in the endoplasmic reticulum. 
in which the exposure of normally buried hydrophobic motifs 
seems to have a role [28,37]; Ins(1.4,5) P.,- induced conformational 
changes might similarly cause the exposure of hydrophobic 
regions. 

It is important to consider that these models are valid only if 
the 316-352 deletion has not removed a ubiquitin conjugation 
site or the putative degradation signal. K350, which is conserved 
in types I. H and H receptors [4-8], is indeed removed by this 
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deletion; however, Ins(1,4,5)P,Rs with a substitution of arginine 
for K350 are ubiquitinated and down-regulated normally, indi- 
cating that K 350 is not required for Ins(1,4,5) P, R ubiquitination. 
Furthermore, region 316—352 1s not compatible with known 
degradation signals; this sequence is highly hydrophilic [5], 
whereas degradation signals are often stretches of hydrophobic 
residues [31,35]. In addition, as all three Ins(1,4,5)P,Rs are 
ubiquitinated in response to phosphoinositidase C activation 
[17-20], it would be expected that the 316—352 region would be 
highly conserved between receptors if ıt were the degradation 
signal. This, however, is not so: the 316—352 region is poorly 
conserved in types I, H and III receptors (only 1695 similarity in 
this region). 

Taken together, our results show that Ins(1,4,5)P, binding 
initiates Ins(1,4,5)P,R ubiquitination, possibly by- causing a 
conformational change that exposes a degradation signal. The 
ubiquitinated receptors are then translocated to proteasomes for 
degradation. To define the putative degradation signal and the 
enzymes that mediate Ins(1,4,5)P,R ubiquitination is a chal- 
lenging goal for future studies. 
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Atomic force microscopy has been utihzed to probe, at a 
molecular level, the interaction between purified pig gastric 
mucin (PGM) and a mucoadhesive cationic polymer, chitosan 
(sea cure 210 +); with a low degree (approx. 11 %) of acetylation. 
Images were produced detailing the structures of both PGM and 
chitosan in 0.1 M acetate. buffer (pH 4.5), followed by the 
complex of the two structures in the same buffer. PGM ın 0.1 M 
acetate buffer revealed long linear filamentous structures, con- 
sistent with earlier electron microscopy and scanning tunnelling 
micoscopy studies. The'chitosan molecules also adopted a linear 
conformation in the same buffer, although with a smaller average 


length and diameter. They appeared to adopt a stiff-coil con- 
formation consistent with earlier hydrodynamic measurements 
The complexes formed after mixing PGM and chitosan together 
revealed large aggregates. In 0.1 M ionic strength buffer they 
were of the order of 0.7 um in diameter, consistent with previous 
electron microscopy studies. The effect of ionic strength of the 
buffer on the structure of the complex was also studied and, 
together with molecular hydrodynamic data, demonstrates that 
the interaction 1s principally electrostatic in nature. 


Key words: electrostatic complex, interaction, 10nic strength. 





INTRODUCTION 


The last two decades have seen major inroads into our under- 
standing of the molecular architecture of the mucosal layers, 
which line the gasterointestinal, tracheobronchial, reproductive 
and ocular systems [1—5]. These advances have been paralleled 
with increasing efforts by the pharmaceutical industries to 
develop more efficient ways of delivering drugs. Many of these 
delivery routes, particularly those through the nasal, ocular, 
reproductive and gastrointestinal systems, involve contact with 
mucosal surfaces. The gastrointestinal route has been particularly 
popular among medical staff and patients alike Although 
convenient, unfortunately, this route can be very inefficient for a 
number of reasons, including too rapid transit of the drug- 
containing delivery system (powder, tablet, suspension, capsule 
etc.) past the optimum site for absorption, which is normally the 
small intestine, and, to a lesser degree the stomach and colon. 
Resolution of this problem would be particularly important in 
the case of controlled-release drug delivery systems, designed to 
deliver drugs over extended periods of time (12~24 h). An ideal 
oral sustained-release dosage form should be comparable to an 
intravenous infusion, which continuously supplies the amount of 
drug needed to maintain constant plasma levels once a steady- 
state has been reached [6]. 

Attempts are being made to develop mucoadhesive polymer 
carrier systems for drugs that interact with the mucosal surface 
in a favourable way. Prime targets have been the gastrointestinal 
tract and also the ocular surface to (1) retard the natural clearing 
action of the body, slowing down the transit through the optimal 
sites of absorption in the stomach, intestine and colon [7] and (2) 
slow down the washing away action on the surface of the eye [8], 
respectively. In order to develop the most efficient systems, a 
sensible approach is to take advantage of the considerable 
advances in our knowledge of the structure and molecular 


biology of the principal macromolecular component of mucus, 
which largely dictates the physical properties of mucus. This is 
the mucus glycoprotein, or ‘mucin’, a large [approx. (5—50) 
thousand kDa] linear polypeptide decked with O-linked carbo- 
hydrate side chains, with the carbohydrate forming the bulk of 
the molecule (approx. 80%). 

The mucoadhesive potential of a range of polymeric substances 
has already been examined by molecular hydrodynamics, electron 
microscopy and scanning tunnelling microscopy (see [7] and 
references therein). One ofthe most promising substances appears 
to be derived from the insoluble polysaccharide, chitin [f-(1 > 
4)-linked poly-N-acetylglucosamine] The derivative 1s the soluble 
cationic polymer chitosan, formed from partial deacetylation of 
the chitin. Interactions with mucin appear to be both electrostatic, 
via NH,* groups on the chitosan with either COO- or SO," 
groups on the mucin carbohydrate side chains, and/or hydro- 
phobic, via — CH, groups on acetylated chitosan residues with 
— CH, groups on mucin side chains [depending on the degree of 
acetylation of the chitosan, local solvent conditions (pH, ionic 
strength) and the degree of sulphonation and sialic acid content 
of the mucin]. These molecular studies have been supported by 
macroscopic studies involving mechanical measurements based 
around the tensiometry principle on whole mucus [9]. 

We now seek to take advantage of the development of the 
powerful imaging potential of atomic force microscopy (AFM) 
[10] to (1) examine the structure of a gastrointestinal mucin, pig 
gastric mucin (PGM), (2) examine the structure of a chitosan 
with a low degree of acetylation (i e. 11 95) and (3) investigate the 
interaction of these molecules, already established by molecular 
hydrodynamic, electron microscopy and scanning tunnelling 
microscopy probes. 

AFM does not require invasive and destructive sample prep- 
aration before analysis, unlike most electron microscopic pro- 
cedures [11], and facilitates the imaging of samples under ambient 


Abbreviations used AFM, atomic force microscopy, PGM, pig gastric mucin, APTES, aminopropyil-triethoxysilane, RMS, root-mean-square, 


SC210+, sea cure +210, z, vertical displacement 
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temperatures and liquid environments. A recent study [12] has 
successfully demonstrated the virtue of this approach to the 
study of ocular mucins. We now focus on gastrointestinal mucin 
and its mucoadhesive properties with this methodology. 


MATERIALS AND METHODS 
Materials 


PGM (sample MD [13]), was purified and isolated according to 
the modified procedure described in [14]. The purified mucin 
preparations were gently defrosted and dialysed into buffer 
overnight at 4 °C before use. Their molecular integrity (molecular 
mass distribution) was checked by size-exclusion chro- 
matography coupled to multi-angle laser light scattering C SEC- 
MALLS’), as first applied to mucins by Jumel et al. [15]. Sea cure 
+210 (SC210+), a glutamate salt of chitosan (Pro-Nova Ltd., 
Drammen, Norway), was used. This is a preparation with a 
degree of acetylation of 11°,, which has previously been well- 
characterized in our laboratory [16]. 


Sample preparation for AFM 


Freshly cleaved mica (Agar Scientific, Essex, U.K.) was silanized 
with aminopropyl-triethoxysilane (APTES). The mica pieces 
were placed into a glass Petri-dish and three drops of APTES 
solution were placed on the inner side of the cover. The Petri-dish 
was then sealed with Parafilm and the sheets were left for 2 h at 
room temperature. Mucin, chitosan and mixture solutions pre- 
pared in 0.1 M sodium acetate buffer, pH 4.5 containing 0.1 M 
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NaCl, [13] were pipetted (20 41) into an eppendorf. Glycerol 
solution [15-25 ?5 (v/v)] was then added to a volume of 0.5 ml 
and left for 30 min. The mica sheets were subsequently coated 
with the sample solution for 30 s, rinsed with deionized water 
and then dried with argon. AFM investigation was performed 
immediately after sample preparation. 


AFM 


All imaging was performed in air with a Nanoscope Ha (Digital 
Instruments, Santa Barbara, CA, U.S.A.). TappingMode™ was 
employed with a probe constructed from silicon with a length 
and resonant frequency of 125 um and 307-375 KHz, respectively 
(Digital Instruments, Santa Barbara, U.S.A.) All measurements 
made on the images of structures such as root-mean-square 
(RMS) ‘roughness’. vertical displacement (7) and size (width and 
diameter) were made utilizing the operating software provided 
with the Nanoscope Ha AFM. Simultaneously with topographic 
imaging, phase data were recorded. Such data can reveal contrast 
based upon adhesion or viscoelastic heterogeneity in a sample 
surface [17]. 


RESULTS AND DISCUSSION 
Control surfaces 


In order to reveal both the thin filamentous nature of the gastric 
mucin structure previously shown with transmission. electron 





Figure 1 AFM of the substrate mica and APTES-coated mica 


Mica (topography) (a), mica (phase! (b), APTES-coated mica (topography) (6) and APTES-coated mica (phase) (d). 
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Figure 2 


Topography images (8 and €) and phase images (b and di 


[18-20] and scanning tunnelling microscopy [21]. together with 
the previously unvisualized characteristics of chitosan, an ex- 
tremely flat sample substrate is required. To this end, mica was 
chosen for this study. Figures l(a) and 1(b) show an AFM image 
(topography and phase, respectively) of a clean mica surface. It 
is evident from this figure that the surface of this sample substrate 
is flat and featureless with a RMS roughness of 0.11 nm and a 
‘total z movement’ of 0.9 nm (vertical distance moved by the z- 
piezoelectric scanner in AFM). Hence any further adsorbed 
material in future sample preparations should be apparent against 
such a background. Figures l(c) and l(d) show topography and 
phase AFM images, respectively, of the mica sheet that had been 
treated with APTES. As before, the sample substrate surface was 
flat and featureless with an RMS roughness of 0.14 nm and total 
z movement of 1.03 nm. APTES treatment was necessary to 
attach amino groups to the surface of the mica. to enhance the 
attraction of the large mucin structures. This attraction has been 
attributed to a charge interaction between the positive amino 
groups and the sialic acid or sulphate residues on the mucosal 
glycoproteins. Structural studies have indicated that the negative 
charge on PGM is thought to be attributed mostly to the amount 
of sulphated O-linked oligosaccharide residues in the glycosylated 
region and not to the amount of sialic acid present [22]. 


AFM images of purified PGM in 0.1 M ionic strength sodium acetate buffer 


PGM glycoprotein 


With the previous imaging studies on PGMs by transmission 
electron microscopy [18-20], to facilitate visualization it had 
been necessary to coat the substrate with a thin layer ol 
conductive material, and the mucins themselves were sprayed 
onto the surface of this substrate. The advantage of AFM over 
this is that the mucins may be adsorbed directly from solution 
and do not require further sample treatment prior to visual- 
ization. 

Figure 2 shows both topography and phase images of PGM 
adsorbed from solution onto the APTES-treated mica surface 
The images were selected at random and are representative of à 
large library of images, which portray similar structural in: 
formation and surface coverage. The PGM appears as long 
filamentous strands, which is in good agreement with previous 
studies using electron and scanning tunnelling microscopy 
[18-21]. and consistent with the swollen coil array/linear random 
coil model for mucins [4.23]. The characteristic flattened areas 
along the backbone seen earlier from electron microscopy for 
PGM and earlier for bronchial mucins [23] were notably absent 
These flattened areas were considered to correspond to the areas 
of high glvcosylation along the polypeptide chain, the flattening 
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Figure 3 AFM images of chitosan SC210 + in 6.1 M ionic strength sodium acetate buffer 
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caused by the effect of the vacuation on areas of very high 
hvdration [23]. The molecule would not have been subject to 
these effects for AFM visualization; and therefore tt is not 
surprising that these regions were not evident from AFM 

From the AFM images of Figure 2 and similar, the average 
length of the PGM molecules was determined to be approximately 
2.00 +0.55 um, which agrees with studies performed with trans- 
mission electron microscopy and sedimentation equilibrium 
experiments [3.4]. However, occasionally some PGM filaments 
were seen LO possess a maximum length of nearly 4m and a 
minimum of 0.5 um, reflecting the polydisperse nature of the 
material. The diameters of the filaments were approximately 
constant, at 16 nm 


Chitosan SC210 + 


Figure 3 illustrates AFM images of the chitosan (SC210+) 
molecules. It is possible to see from the larger 0.5 um image 
(Figures 3a and 3b) that the structure is extremely polydisperse, 
with the polysaccharide chain lengths varying extensively. The 
average length of the polysaccharide was approx. 0.70 +0.27 wm, 
which ts smaller than the average backbone length for the PGM. 
The widths of these polymer chains were very consistent, being 
approx. 1l nm, which is smaller than for the PGM. This ts 
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consistent with the absence of side chain branches in the 
chitin/chitosan structure. Figures 3(c) and 3(d). which appear to 
represent a single chitosan chain, reveal that there are no obvious 
structural features to distinguish this from the mucin glyco- 
protein. However. the molecules appear to adopt a stifl-coil 
conformation, consistent with these molecules being Zone B 
(rigid rod) or Zone C (semi-flexible coil) structures [24,25] 
depending on the chain length, the shorter chains being more 
rigid. 


Immobilization strategy 


[he immobilization strategy chosen for this study was aimed at 
immobilizing the much larger of the two molecules. namely 
the mucin. A positive surface potential was created to attract the 
somewhat negatively-charged mucin glycoproteins. Naturally 
one would not expect any charge attraction between the 
positively-charged chitosan molecule and the positively-charged 
surface. However. such observations have been made in the 
extensive studies of DNA by AFM, whereby negatively-charged 
DNA is immobilized onto negatively-charged bare mica using 
MgCl, or similar buffers [26.27]. The Mg^' ions shield the 
repulsion that would otherwise occur between the DNA and the 
mica. Interestingly it has been noted by Bezanilla et al. [26] that 
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a, c and e) were recorded using the topography mode. Figures (b, d and f) were obtained in the phase mode, giving much crisper image 
a lack of DNA adhesion occurs as ionic strength increases, It is also worth noting that at the lower ionic concentrations 
Suggesting that the DNA prefers to remain in solution as the employed (0.1 M) the counterion concentration appears in- 
ionic strength increases. In a similar fashion we also observed a sufficient to suppress the repulsive forces between the positively- 
lack of chitosan adhesion when using higher ionic strength charged deacetylated units situated along the polymer backbone 


solutions (results not shown). which keep the polymer in the extended linear arrangement 


562 M. P. Deacon and others 























Figure 5 AFM topography images of PGM and PGM complexed with chitosan SC210 + in 0.2 M and 0.3 M ionic strength sodium acetate buffer 
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observed. As the ionic concentration ts increased this repulsion 
effect is reduced resulting in a more coiled arrangement of the 
polymer [28]. This may also contribute to the lack of chitosan 
visualized on the surface at the elevated ionic concentrations 


Complexes of PGM and chitosan at 0.1 M ionic strength 


As has been previously indicated [7,19,20,29] a significant in- 
teraction has been shown between the purified PGM and this 
form of chitosan on the basis of molecular hydrodynamics, 
electron microscopy and scanning tunnelling microscopy, con- 
sistent with macroscopic tensiometry studies [9]. Figure 4 
illustrates the complex formed between the chitosan and mucin 
structures when mixed together in solution and then immobilized 
to the APTES-coated substrate. Instead of the characteristic 
filamentous nature of both the chitosan and PGM (Figures 2 and 
3, respectively) large clump-like aggregates were observed, con- 
sistent with the electron microscopy observations of Fiebrig et al 
[19.20]. The average diameter of these aggregates, determined by 
taking two diameter measurements (x and v) on a large number 
of aggregates (20) was approx. 0.70 4 0.18 ~m (some complexes 
were seen with radial diameters of approx. 0.3 m and some as 
large as approx. 1.2 um). Surrounding these aggregates was a 
tangled arrangement of filaments that seemed to emanate from 
the central aggregate. The diameter of these filaments was approx 
16 nm. This suggests that these filaments were strands of PGM 
radiating from the complex. 


, B is d 
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Complexes of PGM and chitosan at 0.2 M and 0.3 M ionic 
strength 


Earlier hydrodynamic studies [13,29] have shown a clear effect on 
mucin-chitosan complexes by increasing the ionic strength 
Figure 5 shows the characteristic mucin (Figures 5a and 5c) and 
complex (Figures 5b and 5d) structures at 0.2 M and 0.3 M ionic 
strength, respectively. It is apparent that the structure of the 
mucin at 0.2 M and 0.3 M ionic strength is quite diflerent to that 
at 0.1] M ionic strength. At 0.2 M (Figure 5a) the long filamentous 
structure seen at 0.1 M is no longer present. It was difficult to 
measure the average length of the mucins at this molar con- 
centration as the structures seemed to be formed from a numbet 
of mucin filaments. However, where an individual filament was 
evident, the average width was equivalent to that in the 0.1 M 
solution, i.e. approx. 16 nm. This apparent mucin self-interaction 
effect became more pronounced at the higher 0.3 M tonic 


strength, shown in Figure 5(c). At this ionic strength there 
seemed to be many filaments interacting to form more complex 
ggregates of mucin. The only mucins available for analysis of 
dimensions were those which emanated from the complex. The 
average diameter was again 16 nm, but the average length was 
impossible to determine due to the extent of interaction. If the 
number of mucin strands which emanate from the mucin complex 
are counted it shows that, on average, over many complexes 
imaged, at 0.2 M there are 3-4 mucin strands and at 0.3 M there 


are 10-1] mucin strands interacting to form the complex. Clearly. 
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increasing the ionic strength seems to promote self-association 
among tbe mucin molecules. Ionic strengths « approx. 0.2 M 
(including physiological conditions) appear to be insufficient to 
suppress charge repulsion effects on the charged mucin side 
chains, hence the mucins remain unassociated. 

The images presented in Figures 5(b) and 5(d) are the structures 
of the complexes from the mucin/chitosan mixtures at 0.2 M and 
0.3M ionic strength, respectively. These also display some 
differences from the structures observed at 0.1 M (Figure 4). 
While there still appears to be some degree of complex formation 
between the mucin and chitosan, the size of the complexes 1s 
greatly reduced. At 0.1 M large aggregates formed that had an 
average diameter of 0.7 um, while at 0.2 M and 0.3 M the smaller 
aggregate structures visualized had an average diameter of 
approx. 150 nm (visualized in the same way as those structures at 
0.1 M). Noticeably there is a greater number of these 'muco- 
adhesive complexes’ at 0.1 M ionic strength, suggesting a re- 
duction in interaction between the mucin and chitosan as the 
jonic strength increases beyond physiologically relevant con- 
ditions, and consistent with what was observed earlier by 
molecular hydrodynamics [7,29]. Charge suppression clearly 
reduces the amount of electrostatic interaction. Although the 
higher ionic strengths do not represent physiological conditions, 
the experiments across the range of ionic strengths do appear to 
demonstrate that it is indeed electrostatic interactions that are 
important for (1) keeping mucins apart. through inter-chain 
repulsion and (2) promoting mucoadhesive interaction at low 
(physiological) ionic strength conditions. 


Conclusions 


There now exists irrefutable evidence that chitosans interact with 
mucins. The findings in the present study, based on AFM 
imaging, clearly support the earlier molecular data based on 
molecular hydrodynamics, electron microscopy and scanning 
tunnelling microscopy [7]. Molecular imaging, which ‘visualizes’ 
macromolecules, coupled with molecular hydrodynamics, which 
refers to macromolecules in their ‘natural physiological state’ 
unperturbed by sample preparation protocols, is clearly a power- 
ful combination for the study of this and other heterogeneous 
molecular systems. The main contribution towards the inter- 
action is clearly electrostatic, with some hydrophobic contri- 
bution [7]. The AFM data also support the macroscopic 
tensiometric measurements [9]. This demonstration should assist 
with the design of more efficient gastrointestinal drug delivery 
systems [30,31]. 


M P D was In receipt of a BBSRC CASE studentship with Optokem Ltd. (Mold, U K 


Recerved 2 December 1999/18 February 2000, accepted 27 March 2000 


REFERENCES 


Allen, A, Pain, R. H and Robson, T H. (1976) Nature 264, 88—89 

Cresth, J. M (1977) Mod Probl Paediatr. 19, 34~35 

Harding, S E. (1989) Adv Carbohydr Chem Biochem. 47, 345—381 

Sheehan, J. K and Caristedt, | (1989) in Dynamic Properties of Biomolecular 

Assembiles (Harding, S E and Rowe, A J, eds), pp 256—275, Royal Society of 

Chemistry, Cambridge, U.K 

5 Gum, J.R (1995) Biochem Soc Trans 23, 795—799 

6 Forster, H and Lippold, 8 C (1982) Pharmaceutca Acta Helvetica 57, 345—349 

7 Harding, S E, Davis, S S, Deacon, M P and Fredng, |, (1999) Biotechnol Gen 
Eng. Rev. 16, 41—86 

8 Greaves, J L and Wilson, C G (1993) Adv. Drug Delivery Rev 11, 349—383 

9 Lehr, C-M, Bouwstra, J A, Schacht, E H. and Junginger, H E (1992) Int J 
Pharm 78, 43—48 

10 Binnig, G., Quate, C F, and Gerber, C H (1986) Phys Rev Lett 58, 930-933 

11 Kirby, A R, Gunning, A P and Morris, V J (1995) Trends Food Sci Technol 8, 
359-365 

12 McMaster, T J, Berry, M, Corfield, A P and Miles, M J (1999) Biophys. J 77, 
533-541 

13 Deacon, M P, Davis, S S, White, R J, Nordman, H, Carlstedt, |, Errington, N , 
Rowe, A J and Harding, S E. (1999) Carbohydr Polym 38, 235—238 

14 Hutton, D A, Pearson, J P, Allen, A. and Foster, S N E (1990) Clin Sci 7B, 
265—271 

15 dumel, K., Fiebrig, | and Harding, S E (1996) Int J Biol Macromo! 18, 133—134 

16 Emngton, N, Harding, S. E, Vårum, K M and lilum, L (1993) Int J Biol. 

Macromol 15, 113—117 


m™ Oo NO — 


17 Chen, X, Daview, M C, Roberts, C J, Tendler, S J B, Williams, P.M, Davies, J, 


Dawkes, A.C and Edwards, J C (1998) Ultramicroscopy 75, 171—181 

18 Sheshan, J K, Oates, K and Carlstedt, | (1986) Brochem J 289, 147—153 

19 Frebrig, |, Harding, S. E, Rowe, A J, Hyman, S. C. and Davis, S S (1995) 
Carbohydr Polym 28, 239-244 

20 Frebrig, |, Várum, K M, Harding, S E, Davis, S S and Stokke, B T (1997) 
Carbohydr Polym. 33, 91--99 

21 Roberts, C J, Shivi, A, Davies, M C, Davis, S S., Frebng, |, Harding, S. E, 
Tendler, S J B and Willlams, P M (1995) Protein Pept Lett 2, 409—414 
Nordman, H., Dawes, J R, Herrman, A, Karlsson, N G, Hansson, G C and 
Carlstedt, 1 (1997) Biochem J 326, 903—910 

23 Harding, S E, Rowe, A. J. and Creeth, J M (1983) Biochem J 209, 893—896 

24 Paviov, G M, Rowe, A J and Harding, S E (1997) Trends Anal Chem 16, 
401—405 

25 Tombs, M P and Harding, S. E (1998) In An Introduction to Polysacchande 
Biotechnology, pp 144—147, Taylor & Francis, London. 

26 Bezanilla, M., Bustamante, C J and Hansma, H G (1993) Scanning Microsc 7, 
1145-1148 

27  Rabke, C E, Wenzler, L. A and Bebbe, Jr, T P (1994) Scanning Microsc 8, 
471—480 

28  Skaugrud, O, Hagen, A, Borgesan, B. and Dornishm, M (1999) Biotechnol Gen 
Eng. Rev 16, 23-40 

29  Fiebng, |, Harding, S E and Davis, S S (1994) Prog Collord Polym Sci 93, 
66—73 
Fiebrig, |, Harding, S E and Davis, S S (1995) In Biopolymer Mixtures (Harding, 
S E, Hill, S E and Mitchell, J R, eds), pp 373-419, Nottingham University Press, 
Nottingham 

31  Mathiowitz, E, Chickenng, lii, D E and Lehr, C-M. (1999) Bicadhesive Drug 
Delivery Systems Fundamentals, Novel Approaches and Development, Marcel Dekker, 
New York 


© 2000 Biochemica! Society 








UV cross-linking 


RNA-protein cross-linking of the B fraction was carried out 
using UV irradiation (254 nm) during a [0-min incubation at 


RNA-binding assays 


Aliquots (3 4l) containing 0.75, 1.5 and 3.0 ug of annexin H 
complex isolated from Krebs If ascites cells or pig microvillar 
epithelium were spotted on to nitrocellulose membranes and 
allowed to air-dry. Protein concentration in each spot was 
adjusted to 3.0 ug with BSA. The membranes were blocked 
overnight at 4 °C in binding buffer (10 mM triethanolamine, pH 
7.4, 50mM KCl, 1 mM dithiothreitol, 2mM MgSO,,. | mM 
CaCl, and 500 ug/ml yeast tRNA). A sample of °*P-labelled 
RNA corresponding to 50000 c.p.m. was added and the 
membranes were incubated for 30 min at room temperature in 
binding buffer containing 20 units/ml RNasin (Promega). 
Radiolabelled total RNA from each polysome population was 
isolated as described above and mRNA and rRNA were further 
purified using magnetic oligo(dT,.) beads (Dynal A. S.) as 
described by the supplier. After incubation with RNA, the 
membranes were washed for 4 x 15 min at room temperature in 
binding buffer without yeast tRNA. The binding of RNA was 
quantified and visualized using a Canberra Packard Instant 
Imager”. 


RESULTS 
The presence of annexin Il in cytoskeleton-bound polysomes 


We have demonstrated previously that polysomes from different 
cell types can be fractionated into three different populations. 
corresponding to ‘free’ (or loosely cytoskeleton-associated). 
cytoskeleton-bound and membrane-bound polysomes [8]. These 
fractions are referred to as A, B and C, respectively, and the 
polysomes purified from each fraction similarly A, B and C poly- 
somes. These polysomes are enriched in different mRNA 
species [811,26], and also differ in their complement of poly(A)'- 
binding proteins [10]. Short-term stimulation of cells with insulin 
increases the amount of cytoskeleton-bound B polysomes in 
Krebs I] ascites cells [33]. 

Analysis of the protein composition of the different fracuons, 
obtained from Krebs II ascites cells, revealed an approx. 36-kDa 
protein as one of the most abundant proteins in the B fraction 
[9], suggesting a structural protein. Since the B fraction is also 
enriched in actin [8] and the 36-kDa protein could be released by 
EGTA, it was of interest to see if it might be a member of the 
annexin family of Ca®*-binding proteins. The three fractions, as 
well as the isolated polysomes, were subjected to immunoblotting 
using a peptide antibody raised against a conserved motif present 
in repeat 2 of the annexins [31]. As shown in Figure 1, the 
antibody recognized a protein of about 36 kDa that was enriched 
in the B fraction and, most interestingly, was found associated 
with the purified B polysomes. The immunoreactive 36-kDa 
protein was also recovered in the C fraction, but it was absent in 
C polysomes. In addition, the antibody detected weakly two 
additional proteins in the 50-55-kDa range in the B and C 
polysomes (Figure 1). 

To show that the enrichment of the 36-kDa annexin in the 
B fraction was not unique to the Krebs H ascites cells, similar 
fractions were prepared from two other cell lines, MPC-11 and 
L-929 [2,34]. These are transformed mouse cell lines that grow 
both in suspension and as monolayers, but display different 
organization of the cytoskeleton since the MPC-11 cells are 
known to lack vimentin filaments [35]. The different fractions (A, 
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Figure 1 Identification of annexins in the fractions (A, B and C) isolated 
from Krebs Il ascites cells and the respective polysomal subfractions 


The three fractions were prepared and the corresponding polysomes (poi) were isolated as 
described in Materials and methods section. Proteins (40 4g/lane) were separated Dy 
SDS/PAGE (10% gels), transferred to nitrocellulose filters, and probed with antibodies against 
the consensus sequence 2 present in all annexins (CP-2). The positions of the prestained 
molecular-mass markers (29, 45 and 66 kDa) are indicated. Note the enrichment of the 36-kDa 
annexin in the B fraction and B polysomes. The arrows indicate two additional annexins in the 
50—-55-kDa range. 


B and C) were again analysed by immunoblotting, in this case 
employing an affinity-purified antibody against the 36-kDa 
annexin II since it has the expected size and is known to bind 
actin [22,23]. The results showed that the 36-kDa protein that 
was also found enriched in the B fractions derived from MPC-11 
and L-929 cells appears to be annexin H (Figure 2). Furthermore, 
the relative amounts of annexin H recovered in the B and C 
fractions of L-929 cells appeared to depend on culture conditions, 
as more annexin II, like actin (results not shown), was present in 
the C fraction isolated from monolayer L-929 cells. In the 
corresponding suspension cells, both annexin H (Figure 2) and 
actin (results not shown) were more concentrated in the B 
fraction containing the cytoskeleton-bound polysomes. In gen- 
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Figure 2 Distribution of the 36-kDa annexin Hi in the A, B and C fractions 
isolated from MPC-11 cells and from L-929 cells, grown either as monolayers 
or in suspension 


Proteins (40 ug/lane) were separated by SDS/PAGE (10% gels), transferred to nítroceilulose 
filters, and immunostained with affinity-purified antibodies against annexin fi. The lanes to the 
left and right contained the B fraction from Krebs il ascites cells and purified annexin 1i, 
respectively, Note the enrichment of annexin H in the B fractions and the increased recovery 
of the protein in the C fraction from monolayer L-929 cells, as compared with the suspension 
celis. 
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Figure 3 Distributions of annexin Il (Anx li), p11 and actin in A, B and C 
fractions isolated from Krebs Il ascites cells and human lung fibroblasts 


Proteins (40 ug/lane) from the different fractions (A, B or C) were separated by SDS/PAGE 
: (1075 gels), transferred to nitrocellulose filters, and analysed by immunoblotting using 
antibodies against annexin Il, p11 or actin antibodies as described in the Materials and methods 
section. nd., not determined. 


eral, we observed that the relative amounts of annexin IH in the 
B and C fractions varied to some extent, possibly due to 
heterogeneity of the cells based on the cell cycle. Despite these 
variations, annexin I] reproducibly was only found associated 
with one population of polysomes, namely the B polvsomes. 

The distributions of actin, annexin H and p11, the intracellular 
protein ligand of annexin H [12], in the A, B and C fractions 
derived from Krebs H ascites and human lung fibroblasts are 
shown in Figure 3. The human fibroblasts were chosen to 
provide an untransformed control cell type and to facilitate the 
detection of pli, since the available antibody only recognizes 
the human or bovine protein. A marked difference in the 
distribution of annexin II was observed in lung fibroblasts, as 
compared with Krebs lH ascites cells. Namely, in addition to the 
B fraction, a considerable pool of annexin II was also found in 
the ‘soluble ` A fraction, whereas no annexin II was detectable 
in the C fraction. In contrast, pll was only detected in the B 
fraction, suggesting that the A fraction contains the soluble 
monomeric annexin H, while the B fraction contains the annexin 
II-plH l complex, re. the form that is thought to be associated 
with membranes and/or the cortical cytoskeleton [36-38]. All 
fractions isolated from human lung fibroblasts contained a 
substantial amount of actin and the apparent ratio of annexin H 
to actin was much lower in these cells as compared with the 
transformed Krebs II ascites cells. 


Binding in vitro of cytoskeleton-bound B polysomes to annexin Ii 
after freezing 


In the course of these experiments we observed that freezing in 


liquid nitrogen and thawing of the B fraction before isolation of 


B polysomes resulted in the loss of annexin H associated with 
those polysomes (Figure 4, lanes 1 and 2). This made it possible 
to carry out binding experiments in vitro in which the annexin HH- 
depleted polysomes were incubated in the presence of calcium 
and an annexin lLenriched extract prepared from Krebs H 
ascites cells (Figure 4, lane 4). Subsequently, the polysomes were 
re-purified by centrifugation through a sucrose cushion. As 
shown in Figure 4 (lane 3), the binding of annexin H to B 
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polysomes could be reconstituted in vitro. The contribution of 
annexin H in polysomes present in the annexin ILenriched 
extract was negligible, as shown in Figure 4, lanes 5-7. 

More detailed binding experiments were performed either by 
incubating a constant amount of B annexin IH depleted polysomes 
in the presence of increasing amounts of the annexin IL enriched 
extract, or vice versa, followed by isolation of the polysomes as 
above and quantification of bound annexin I] by immuno- 
blotting. The use of both the annexin H antibody and '?I- 
Protein A in excess ensured linearity of annexin H detection. The 
binding curves (Figures 51 and SII) show that in both cases 
the association between annexin Il and B polysomes increased 
linearly. Also, at higher concentrations of the variable com- 
ponent, saturation of binding was observed. The binding curve in 
Figure S(I) shows a decrease in annexin IT binding when the 
incubation was carried out in the presence of high concentrations 
of the annexin I-enriched extract. This is probably caused by the 
formation of annexin II-containing aggregates that do not pellet 
together with the polysomes. 


Evidence for direct association of annexin Il with mRNA 


To further analyse the nature of the association between annexin 
H and B polysomes. the B fraction isolated from the Krebs H 
ascites cells was used in UV-cross-linking experiments. During 
the UV treatment the amount of aggregation that can occur 
during or shortly after cross-linking was followed and the 
duration of the UV irradiation was restricted to avoid the run-off 
of ribosomes. Polysome profiles were recorded from both control 
and UV-cross-linked B fractions to make sure that UV-induced 
aggregation, which would have caused the polysomes to 
behave abnormally in the sucrose gradients, had not occurred 
(Figure 61). 

Krebs II ascites cells contain a high level of endogenous 
RNAses which, during the long procedure used for isolation of 
polysome subfractions, can cleave the covalently cross-linked 
RNA to fragments consisting of only a few nucleotides. 
Interestingly. UV cross-linking caused a slight decrease in the 
mobility of annexin H (Figure 6l, see particularly the second 
lane from left), which could be due to binding of the protein to 
such short RNA fragments. To further assess whether covalent 
binding of annexin H to RNA had indeed occurred as a result of 
UV cross-linking, control and UV-treated B fractions were 
treated with EGTA, which releases the protein from cytoskeletal 
and/or membrane fractions [22]. Actin was included in the 
analysis since it associates with annexin II in vitro [22,23] and co- 
purifies with the cytoskeleton-bound polysomes [8] but is not 
known to bind directly to RNA. Figure 6(II) shows that EGTA 
efficiently released annexin II from the control B polysomes, 
whereas in the UV-treated B polysomes the protein became 
partly resistant to the treatment. In contrast, EGTA treatment 
did not seem to significantly affect the amount of actin in either 
the UV-irradiated or control polysomes as judged by Western 
blotting which, however, provides only a semi-quantitative 
measure. 

As another approach to study the possible interaction between 
annexin H and RNA, we examined the binding of ??P-labelled 
total RNA isolated from Krebs II ascites cells to B polysomal 
proteins (Figure 71, lane 1), ora mixture of Ca?*- binding proteins, 
enriched in annexin IL, that could be released by EGTA (Figure 
71, lane 3), on a NorthWestern blot. Both preparations were 
observed to contain an approx. 36-kDa protein that bound the 
RNA probe, and displayed the same mobility as immunologically 
detected annexin H from the same blot (Figure 711), suggesting 
direct binding of RNA to annexin H. 





Figure 4 Annexin ll reassociates with annexin il-depleted B polysomes in 
vitro 


The B fraction (lane 1) was prepared from Krebs |i ascites celis and, following one freeze-and- 
thaw cycle, the B polysomes were isolated. These annexin li-depleted B polysomes (lane 2) were 
then incubated with a protein extract (a dialysed EGTA extract) enriched in annexin I (ane 4) 
in the presence of 2 mM calcium and, following incubation, polysomes were re-isolated by 
centrifugation through af sucrose cushion (lane 3). The annexin il-enriched extract (lane 5) was 
subjected to high-speed centrifugation used to purify polysomes (see the Materiais and methods 
section), resulting in a supernatant dane 6) and a pellet (lane 7}. Subsequently, 40 ug of 
protein/lane (lanes 1—4) and 20 wg/lane of annexin il-enriched extract (lane 5) and equivalent 
volumes af the supernatant (lane 6) and the pellet (ane 7) were loaded on the gel. Proteins 
were separated by SDS/PAGE (10% gels), transferred to nitrocellulose, and immunostained with 
affinity-purified potycional antibodies (lanes 1—4) or monociona! antibodies (lanes 5-7) against 
annexin tH. 


However, the detection of binding of radiolabelled RNA to 
the 36-kDa protein on NorthWestern blots (Figure 7) required 
very long exposure times, suggesting that this putative annexin II 
in its denatured form may be a rather poor substrate for binding 
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Figure 6 The effect of UV cross-linking and EGTA treatment on the 
association of annexin |! with the B polysomes of Krebs il ascites cells 


(D Sedimentation profiles of polysomes from contro! and UV-treated B fractions. Arrows indicate 
the 80 S monosomal peak. (H) The detection of actin and annexin 11 in control and UV-irradiated 
B fractions (Frac) and the corresponding polysomes that were further incubated in the presence 
or absence of EGTA. Proteins (40 ug/lane) were separated by SDS/PAGE (10% geis), 
transterred to nitrocellulose filters, and analysed by immunoblotting using antibodies against 
actin and annexin Il as indicated in the Figure. Note that in response ta UV cross-linking part 
of annexin if in the polysomes becomes resistant to release by EGTA. 
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Figure 5 Assays ín vitro show linear and saturable binding between annexin Il and B polysomes 


B polysomes and the dialysed EGTA-released protein extract, enriched in annexin H, were prepared from Krebs Il ascites cells. in the binding assays, the concentration of either B polysomes (D. 
or the protein extract (HD, was kept constant (40 jag/assay}. Incubations were carried out in a total volume of 100 jel in 130 mM KCI buffer supplemented with 2 mM calcium. Subsequently the 
polysomes were re-isolated, and solubilized in SDS sample buffer. The proteins were separated by SDS/PAGE (10% gels), transferred to nitrocellulose, and immunostained with alfinity-purified 
antibodies against annexin il, followed by detection of bound annexin 1| antibodies using ESL protein A. Quantification was performed using a Canberra Packard Instant imager". The data points 


show the average of three experiments, and the standard deviations are indicated. 
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Figure 7 The binding of *P-labelled total RNA to a protein identified as 
annexin Il by immunodetection 


(D B polysomes (lane 1}, a post-polysomal supernatant (the proteins were precipitated by 
chloroferm/methanol; lane 2), and an extract of Ca**-binding proteins (lane 3) were prepared 
from Krebs Il ascites celis. Proteins (40 g/ml) were separated by SDS/PAGE (10% gels), 
transferred to nitrocellulose filters, and probed with total °*P-labelled RNA (isolated from Krebs 
il ascites celis) on a NorthWestern blot. (I) Immunostaining of B polysomal proteins with an 
affinity-puritied antibody against annexin II (lane 4). Lane 4 was excised from and, following 
immunostaining, realigned with the same filter that was used for the NorthWestern blot, The 
afrowheads on the right indicate the positions of molecular-mass markers (34, 37, 50 and 
67 kDa). 
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Figure 8 The binding of *P-labelled total, ribosomal and messenger 
RNAs, isolated from the A, B and C polysomes of Krebs Il ascites cells, to 
purified annexin Il 


The annexin Hapit, complex was isolated from Krebs 1! ascites cells (A, B and C) or porcine 
microvillar epithelium (D). Then, 0.75, 1.5 or 3.0 ug of the purified protein was spotted on to 
nitrocellulose membranes and the total protein concentration in each spot was adjusted to 
3.0 ug with BSA. Binding assays involving total RNA (rows 3, 7 and 10), mRNA (rows 1, 4, 
5 and 8) or rRNA (rows 2, 6 and 9), isolated from A polysomes (A), B polysomes (B) and C 
polysomes (C), were performed as described in the Materials and methods section. mRNA was 
isolated from A (D, row 1), 8 (D, row 5) or C polysomes (D, row 8). Binding of mRNA isolated 
from the B fraction was also performed in the presence of EGTA (B, row 4j. The bound 
radiolabelled RNA was visualized using an Canberra Packard Instant Imager*. 


of RNA. Therefore, to demonstrate directly the binding of RNA 
to the native protein, the annexin II-pl! complex was purified 
from both Krebs II ascites and porcine intestinal epithelial cells, 
immobilized on nitrocellulose membranes, and incubated with 
?P-labelled RNA. The presence of a high molar excess of yeast 
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Figure 9 Annexin if in the B fraction associates with both mRNAs and 
inactive mRNPs 


(D The distribution of annexin Il in the A, B and C fractions of Krebs i ascites cells and inactive 
mRNP complexes, isolated from the respective post-polysornal supernatants using poly(A)* 
magnetic beads. (Ib Sedimentation profile after splitting of the cytoskeleton-bound B polysomes, 
isolated from a UV-treated B fraction, by TPCK into ribosomal subunits and mRNAs. dil) 
Detection by immunoblotting, of annexin li in the B fraction (B). B polysomes (B). and the 
50 S and 40S ribosomal subunits, as well as the mRNA-containing peak. The contents of 
the collected peaks (indicated in H) were pelleted by centrifugation. Proteins (40 jug/lane) were 
separated by SDS/PAGE (10% gels), transferred to nitrocellulose filters, and immunostained 
with affinity-purified antibodies against annexin IT. 


tRNA had no effect on RNA binding. Thus immobilized annexin 
H was tested for its possible binding specificity to rR NA (Figure 
8, rows 2, 6 and 9) or mRNA (Figures 8A-8C, rows 1, 4, 5 and 


^ 


8; 1n row 4 the binding was performed in the presence of EGTA). 
Interestingly, weak, but specific binding of mRNA isolated from 
B polysomes to the annexin H complex could be detected (Figure 
8B, row 5), whereas mRNAs isolated from A (Figure 8A, row 1) 
or C polysomes (Figure 8B, row 8), as well as rRNA (Figure 8, 
rows 2, 6 and 9) showed negligible binding. Also, the association 
of B mRNAs with the protein, observed in this assay, was 
calcium-dependent as EGTA abolished the binding (Figure 8B, 
row 4). Binding of total RNA isolated from the respective 
polysomes to immobilized annexin II (Figure 8, rows 3, 7 and 10) 
was also included as a further test of specificity. Since rRNA 
constitutes about 98-99 % of total RNA [39], no binding of total 
RNA to the annexin II-pll complex was observed ın this case. 

Finally, we also examined the binding of mRNAs obtained 
from the three polysome populations of Krebs II ascites cells to 
the annexin Il-pil complex, purified from porcine intestine 
microvillar epithelium using a well-established procedure [22], 
and observed that this annexin II complex bound selectively B 
mRNA, and with a much higher affinity than the protein isolated 
from the transformed Krebs II ascites cells (Figure 8D, row 5). 


Annexin Ii is associated with both active and inactive mRNAs 


The results obtained from the above in vitro studies suggest that 
annexin H binds to mRNA. To obtain further evidence for this 
conclusion, polysomes were sub-fractionated to separate the 
mRNAs from ribosomal subunits. In addition, inactive mRNAs 
(non-polysomal) present as mRNP complexes were isolated from 
the post-polysomal A, B and C supernatants using oligo(dT) 
magnetic beads. Routine procedures for splitting the polysomes/ 
ribosomes with puromycin or TPCK, and their separation on 


"sucrose gradients into 60 S, 40/S and mRNA-containing peaks, 


require both high salt and the presence:of 10mM EDTA m the 
buffer [40]: Since both conditions ‘reléae anriexin II, UV cross- 
linking of the polysomes was.performed before their splitting 
with TPCK: and.sub-fractionation on Stitrose gradients (Figure 
9IT). Subsequently, the 60 S, 40 S and the top mRNA peaks were 
pooled and analysed for their content of annexin II. As shown in 


„Figures 9(I) and 9(III), respectively, annexin TI was observed to 


associate with the B mRNP complexes and, in addition, was only 
found in the distinct peak, obtained after the splitting of the B 
polysomes, which contained the mRNAs (Figure 9IT). 


DISCUSSION 


Earlier studies involving sucrose-gradient sedimentation analysis 
and immunoprecipitation have shown the association of annexin 
II with small RNA particles (RNPs), isolated both from trans- 


- formed.and non-transformed chick embryo fibroblasts [25]. Here 


we show that annexin II is enriched in a fraction that can be 


- -prepared from a number of cell types and contains cytoskeleton- 


bound polysomes. Further purification of the polysomes from 
this B fraction resulted in the presence of annexin II in these 
polysomes, whereas the protein was not found associated with 
polysomes purified from the two other fractions studied (A and 
C). Our results demonstrate further that two additional proteins, 
which can be classified as annexins by immunological criteria, 
are present in the different polysomal fractions. The charac- 
teristics of the polysome-associated annexin II are not known, 
but the observation that it could be co-purified with B polysomes 
even in the absence of externally added calcium (results not 
shown) would indicate that the calcium requirement for binding 
is in the lower concentration range, but is required for association 
of annexin II with mRNA (Figure 8). 
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The presence of annexin II in the B fraction is presumably 
caused by its binding to actin, an interaction that has been well 
established in vitro [22,23]. An increased annexin II-to-actin ratio 
was observed in all the transformed cell lines examined (Krebs II, 
L-929, MPC-11), as compared with the non-transformed human 
lung fibroblasts (Figure 3). The results obtained with L-929 cells, 
grown either in suspension or as monolayers, showing the partial 
shift of both annexin II and actin to the C fraction in the 
monolayer cells also argues in favour of their association. 
Further, the release of annexin II to the B fraction by increasing 
the salt concentration from 25 to 130mM KCI is indeed 
reminiscent of the binding of F-actin to annexin VI, which 1s 
optimal at 10-30 mM KCI [41]. Krebs II ascites cells, an 
aggressive transformed cell line, contain elevated levels of annexin 
H as compared with the L-929 and MPC-11 cells and, in 
particular, the human lung fibroblasts. Malignant transformation 
of different cell lines has previously been shown to involve an 
increased expression of annexin II, both at the mRNA and 
protein levels, as well as an increase in its phosphorylation [42]. 

Not only was annexin II present in the purified cytoskeleton- 
bound polysomes, but it could also reassociate with annexin I- 
depleted cytoskeleton-bound polysomes in vitro, and remained 
associated to these polysomes after a new purification of these 
polysomes by centrifugation through a sucrose cushion, in- 
dicating that the association of the protein with these polysomes 
is specific. Also, the isolation of polysomes as such did not cause 
trapping of annexin II since no annexin I] was found in the 
polysomes purified from the fractions after freezing and thawing 
(Figure 4, lane 2), even though the corresponding fraction 
contained substantial amounts of the protein (Figure 4, lane 1). 

A number of additional experiments, including UV cross- 
linking in combination wath fractionation of ribosomes, North- 
Western blotting and binding of **P-labelled RNA to annexin 
Il immobilized on nitrocellulose, further indicate that annexin II 
binds directly to the mRNA moiety of the cytoskeleton-bound 
polysomes. In particular, immobilization of the native annexin II 
complex on nitrocellulose followed by incubation with **P- 
labelled RNA resulted in a weak but specific binding of mRNAs 
isolated from B polysomes when compared with rRNA and the 
other two populations of mRNAs isolated from the A or C 
polysomes (Figure 8). Using an identical binding assay, but with 
the annexin II complex isolated from porcine intestinal micro- 
villar epitbelium, the preference of annexin II to bind mRNAs 
isolated from B polysomes was even more evident and the 
binding was of much higher affinity. The reason for this 1s not 
clear but it could be caused by different post-translational 
modifications of the two preparations. rRNA did not bind to the 
annexin II complex isolated from porcine intestinal microvillar 
epithelium (results not shown). Since a high molar excess of 
tRNA was present during binding, we conclude that a specific 
population of mRNAs appears to bind selectively to annexin Il. 
Our data are also in accordance with earlier studies suggesting 
that annexin II associates with RNA [24,25] in the form of small 
RNPs [25]. However, in the latter case the apparent binding of 
annexin H to less complex RNA species could have been caused 
by mRNA degradation. 

Further, UV irradiation of the B fraction resulted in covalent 
binding of annexin II to RNA, as demonstrated by the finding 
that UV-generated RNA-protein cross-links rendered part of the 
protein resistant to EGTA-mediated release. In contrast, if 
the treatment was carried out in the presence of EGTA, no cross- 
linking of annexin Il to B polysomes was observed (A. Vedeler 
and H. Hollás, unpublished work). L5 is a ribosomal protein of 
the 60 S subunit [43] and UV cross-linking did not result in an 
increased recovery of this protein, as measured by immuno- 
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detection, in the polysomes (results not shown). Since this protein 
is an intrinsic member of the 60S ribosomal subunit, this 
suggests that UV-induced cross-linking of annexin II to mRNA 
is not an artefact. 

Using affinity purification of mRNA on poly(A)* magnetic 
beads, annexin II was only found in association with the mRNA 
moiety of cytoskeleton-bound polysomes and mRNPs present in 
the cytoskeletal fraction. Whereas the association of polysomes 
with actin filaments and microtubules appears to represent a 
rather non-specific and more general type of attachment [9], our 
data indicate that the mRNAs that bind annexin II could 
constitute a distinct subpopulation. 

There was no enrichment of annexin JI in the B polysomes 
relative to the fraction itself, suggesting that the annexin II that 
associates with polysomes could represent a distinct post- 
translational modification or isoform of the protein (see below) 
not involved in endocytosis or exocytosis. It is noteworthy that 
several annexin II variants or isoforms have been described [44]. 
The data shown in Figure 9 also show that annexin II binds to 
the mRNA moiety of mRNPs and polysomes and thus an 
enrichment of annexin II in polysomes would not be expected as 
the mRNA-binding proteins, not taking into account initiation, 
elongation and termination factors, constitute only a minor part 
of the proteins present in polysomes. 

It 1s possible that the annexin II, which associates with 
cytoskeleton-bound polysomes, represents a distinct variant/ 
isoform that is different from the one(s) that bind to membranes. 
This is currently being investigated to confirm this suggestion. 
Earlier findings showing that only about 3% of total cellular 
phospholipids are recovered in the B fraction [9] together with no 
immunological detection of rab4 protein in this fraction (results 
not shown), support the conclusion that the B fraction is not 
significantly contaminated by early endosomal membranes. 

By calculating the amount of annexin II in B polysomes by 
Western blotting using the ECL detection method and an annexin 
II standard curve, one arrives at an estimate of 3+1 annexin II 
molecules per ribosome. This calculation is based on the as- 
sumption that the protein content of polysomes is about 50 % of 
the total ribosomal mass, not taking into account the mRNAs. 
Although this is a rough estimate, it is in the same order of 
magnitude as obtained for Y-box proteins (reviewed in [45]). 
These phosphoproteins function both as DNA- (role in tran- 
scription) as well as RNA-binding proteins and have been 
proposed to be involved in mRNA packaging and to bundle 
actin. 

In conclusion, the present biochemical analysis shows that 
annexin II may be associated with a specific population of 
mRNAs and strongly suggests that the binding involves its direct 
interaction with mRNA. Thus annexin II seems to be involved in 
association with both vesicles and mRNA. In this regard it is 
very interesting that one of the protein ligands of testis and brain 
RNA-binding protein is the transitional endoplasmic reticulum 
ATPase [46] involved in the ATP-dependent fusion of vesicles in 
transport from endoplasmic reticulum to Golgi. 

Our data also indicate that annexin II binds to both trans- 
lationally active and inactive mRNAs and that this binding may 
be regulated by calcium. Studies to identify specific mRNAs 
belonging to the subpopulation of polysomes with which annexin 
II interacts, as well as the specific sequences that are involved in 
this association, are in progress. 
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N*-Methylation of arginine residues in many nucleic-acid-bind- 
ing proteins are formed post-translationally, catalysed by S- 
adenosylmethionine: protein-arginine N-methyltransferase in 
their glycine-rich and arginine-rich motifs. The amino acid 
sequences of the stimulator of HIV-1 TAR (Tat-responsive 
element) RNA-binding protein (SRB) and fibronectin also show 
the presence of the internal -Gly-Arg-Gly- (-GRG-) sequence, 
which 1s potentially methylatable by the methyltransferase. To 
investigate the sequence requirement for methylation of these 
proteins, several synthetic oligopeptides with different chain 
lengths and sequences similar to the -GRG- regions of SRB and 
fibronectin were synthesized. Whereas the heptapeptide 
AGGRGKG (residues 16-22 in SRB) served as the methyl 
acceptor for the methyltransferase with a K,, of 50 uM, the 19- 
mer peptide (residues 10-28 in SRB) was methylated with a K,, 
of 8.3 uM, indicating that a greater peptide chain length yields a 
better methyl acceptor. Product analysis of the methylated 
[methyl-*C|SRB-peptide by HPLC indicated the formation of 
N9-monomethylarginine and N*%,N°-dimethyl(asymmetric)- 


arginine. Synthetic peptides containing the cell attachment se- 
quence [Arg-Gly-Asp (“RGD’)] in fibronectin, GRGDSPK, 
GGRGDSPK and GGGRGDSPK, were also studied; whereas 
GRGDSPK was a poor methyl acceptor, the longer peptides 
were better methyl acceptors. To provide an understanding of 
the effect of methylation on fibronectin peptide, arginine-un- 
methylated and methylated GGRGDSPK were compared for 
their effect on the mitogenesis induced by f-hexosaminidase A 
and an agonistic antibody (mAb,,) in bovine tracheal smooth- 
muscle cells; whereas the former inhibited 35-67 % of mitogenesis 
at a concentration of 5-10 uM, the latter did not block 
mitogenesis. This lack of inhibition by the insertion of a methyl 
group on the arginyl residue of the cell attachment sequence 
might be due to the hindrance of the binding of fibronectin 


peptide to integrins. 


Key words: S-adenosylmethionine, fibronectin-peptide, N°- 
methylarginine, protein methylase I, RNA-binding protein. 





INTRODUCTION 


The methylation of protein-bound amino acid side chains is one 
of several post-translational modifications catalysed by highly 
specific methyltransferases [1,2]. Among these, protein methylase 
I (S-adenosylmethionine: protein arginine N-methyltransferase, 
EC 2.1.1.23) [also referred to as protein methylase I (PMI), 
and protein-arginine methyltransferase (PRMT1, RMTI and 
HMT!1)] catalyses transfer of the methyl group from S-adenosyl- 
L-methionine (AdoMet) to the guanidino nitrogen of specific 
arginine residues in polypeptide substrates, yielding N°- 
mono-methylarginine, N9,N?-dimethyl(asymmetric)arginine and 
N9,N'9-dimethyl(symmetric)arginine with the release of S- 
adenosyl-L-homocysteine, the demethylated AdoMet [1,3]. 

Two subclasses of protein methylase I have been identified and 
purified to near homogeneity from calf brain and rat liver: 
myelin-basic-protein-specific methylase I and nuclear protein/ 
histone-specific protein methylase I, both exhibiting distinct 
substrate specificities towards the respective methyl acceptor 
protein [4,5] Rajpurohit et al. [5] have demonstrated that the 
nuclear protein/histone-specific protein methylase I methylates 
most efficiently arginine residues within the Arg-Gly-Gly (RGG) 
motif of the recombinant heterogeneous ribonucleoprotein par- 
ticle (uynRNP) A1 protein. Earlier, the presence of N°,N®%- 
dimethyl(asymmetric)arginine at residue 193 of helix-unwinding 
protein 1 (‘UP1’, the N-terminal proteolytic fragment of hnRNP 
Al protein) [6] was reported. More recently, three additional 
N?,N?-dimethyl(asymmetric)arginine residues in the RGG motif 


(residues 205, 217 and 224) of hnRNP protein A1 isolated from 
Hela nuclei have also been identified [7]. Thus hnRNP AI 
protein is one of the most highly arginine-dimethylated proteins 
in nature. 

The RGG motif occurs in several nucleic-acid-binding proteins 
and 1s known to be a conserved domain consisting of clusters of 
glycine and N9,N?-dimethyl(asymmetric)arginine residues inter- 
spersed with phenylalanine, often spanning over 10-20 chain 
lengths [8-10]. Compilation of several nucleic-acid-binding 
proteins, such as nucleolin and fibrillarin from different species, 
indicated a common sequence alignment within the methylatable 
site of the RGG motif [7]. In addition, further examination of the 
sequences around the N°-methylated arginines indicated -GRG- 
as the preferred sequence for methylation, although the n—1 
position of the Arg residue could be replaced by a few selected 
amino acids other than Gly [7]. This feature is in good agreement 
with the previous studies performed with several synthetic 
oligopeptides as the methyl acceptor for protein methylase I 
[11,12]. In an effort to extend these studies, we examined the 
primary sequences of several proteins and found the stimulator 
of HIV-1 Tat-responsive element (TAR) RNA-binding protein 
(SRB) [13] and fibronectin [14] to contain the -GRG- sequence. 

The SRB protein is one of the three transactivators to regulate 
HIV-1 gene expression, consisting of 539 residues (accession 
number U38846) and containing a -GRG- sequence at residue 
18-20 in the N-terminus- [13]. One-quarter of the N-terminal 
amino acid sequence showed a high degree of similarity to a 
member of the chaperonin family of proteins as well as the P-loop 


Abbreviations used AdoMet, S-adenosyl-L-methionine, Hex, hexosaminidase, hnRNP, heterogeneous nuclear nbonucleoprotein particle, SRB, 


stimulator of HIV-1 TAR RNA-binding protein; TAR, Tat-responsive element 
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motif, a glycine-rich region capable of binding to ATP or GTP 
[13]. Fibronectin is one of the integrin families mediating cell 
adhesion in communicating with a receptor at the cell surface 
[15]; the attachment sequence is known to be the common 
tripeptide Arg-Gly-Asp (RGD) [14,16]. Therefore the fibronectin 
peptides containing RGD have often been used in many ex- 
perimental systems [14,17,18]. 

In the present study we synthesized several oligopeptides that 
were identical or similar to the GRG-containing region of SRB 
and fibronectin peptides, and used them as substrates in vitro for 
the purified rat liver protein methylase I. In addition, the 
chemically synthesized fibronectin peptide containing the NS- 
methylated and unmethylated arginine residues were compared 
for their effect on cell-surface receptor-mediated DNA synthesis 
and cell proliferation in tracheal smooth-muscle cells. 


EXPERIMENTAL 
Materials 


Ado[methyl-“C]Met (specific radioactivity 46.8-53.0 mCi/ 
mmol), Ado[methyl-"H]Met (75.0 Ci/mmol) and [?H]thymidine 
(5 Ci/mmol) were purchased from Amersham Life Science. 
N*.N?-Dimethylarginine, Sephadex G-10 and histone (type Il- 
AS) were from Sigma (St Louis, MO, U.S.A.). Fetal bovine 
serum was purchased from Hyclone Lab (Logan, UT, U.S.A.). 
The synthetic oligopeptides containing the -GRG- sequence with 
variable chain lengths (Table 1) were synthesized at the W. M. 
Keck Foundation Biotechnology Resource Laboratory of Yale 
University (New Haven, CT, U.S.A.). All other chemicals were 
of the reagent grade available from various commercial sources. 


Purification of protein methylase | 


The purification of protein methylase I from rat liver was 
performed essentially by the same method as described previously 
[19]. In brief, rat liver was homogenized in 4 vol. of 5mM 
sodium phosphate, pH 7.4, containing 5 mM EDTA and 0.25 M 
sucrose, and the homogenate was centrifuged at 105000 g for 
60 min. The supernatant was mixed with an equal volume of 
10 mM Mops (pH 7.4)/2 mM EDTA/0.5 mM PMSF/10 mM 2- 
mercaptoethanol and chromatographed on DE-52 followed by 
Sephadex G-200. The purified enzyme transferred 28.4 pmol of 
methyl groups/min per mg of protein, with histone as the methyl 
acceptor substrate under the assay conditions. 


Assay for protein methylase | 


The enzymic activity for protein methylase I was determined as 
described previously [4,19]. A total 0.125 ml reaction mixture 


Table 1 List of synthetic ollgopeptides used for methylation reactions 


oingle-latter amino acid abbreviations are used The underlined bold letter R is the potential 
methylacceptor residue Abbreviation FN, hbronectin 








Peptide Sequence Comments Reference 
SRB P-1 HN,-AGGRGKG-CO,H Residues 16-22 in SRB [13] 
SRB P-2  Acstyl-AGGRGKG-amide Residues 16—22 in SRB (N-terminus 
and C-terminus blocked) 
SRB P-3. HN,-GATAGAAGGRGKGA Residues 10-28 in SRB [13] 
YQDRD-CO,H 
FN P-t  NH,-GRGDSPK-CO,H Cell attachment sequence [16] 
FN P-2 = NH,-GGRGDSPK-CO;H 
FN P-2.— NH,-GGGRGDSPK-COSH 
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containing 0.1 M potassium phosphate buffer, pH 7.6, 0.5 mg of 
histone (type II-AS) and 0.04mM _  Adojmethyl-*H]Met 
(500 d.p.m./pmol) was incubated in the presence of rat liver 
methylase preparation (approx. 100 ug) at 37°C for 30 min, 
unless otherwise specified. The reaction was terminated by the 
addition of 15% (w/v) trichloroacetic acid and the resulting 
precipitates were repeatedly washed as described [4]. 

Protein concentration was estimated by the Coomassie Blue 
method of Bradford [20], as modified by Pierce Chemical Co., 
with BSA as the standard. 


Enzymic methylation of synthetic ollgopeptides 


Because the synthetic oligopeptides employed in the present 
study were not precipitable by trichloroacetic acid, the gel- 
filtration method described previously was employed [11]. 
Different amounts of each peptide substrate were incubated in a 
total 0.125 ml reaction mixture as described above, but with 
0.04 mM. Ado[methyI-*C]Met (103—117 d.p.m./pmol, as in- 
dicated in the respective tables) in the presence of various 
concentrations of the rat liver methylase I (47-174 ug) at 37 °C 
for 12-60 min as indicated. The reaction was terminated by 
adjusting the pH of the mixture to 4.0 with 0.2 M sodium citrate 
and heated at 100 °C for 30 min. This treatment cleaves unreacted 
Ado[methyl-“C]Met, resulting in 5’-[methyl-4C}methylthio- 
adenosine, thus enabling the [methyl-*C]-peptide to be separated 
easily from the unreacted Ado[methyl-“C]Met by subsequent 
molecular sieve chromatography. The total reaction mixture was 
applied to a column of Sephadex G-10 (0.5 cm x 110 cm) that 
had been pre-equilibrated with 0.01 M HCl; it was then eluted 
with the same solvent, collecting fractions of 0.5 ml. The aliquots 
of each of the fractions were counted for the radioactivity 
incorporated, and other aliquots were used for ninhydrin reaction 
to assess the peptide elution profile. A typical chromatographic 
profile is shown in Figure 1 below. To obtain K, values for SRB 
peptides, the methylation reactions were performed with variable 
concentrations of peptide at a fixed concentration of 0.04 mM 
Ado[methyl-4C]Met 


HPLC analysis of methylated amino acids 


The methyl-C-labelled oligopeptide, purified by Sephadex G-10 
chromatography, was filtered through a Centricon-10 (Amicon 
Co.) to remove the enzyme protein from the methy/-'C-labelled 
peptide. The filtrate was subjected to hydrolysis in 6 M HCI at 
110 ?C for 24 h. The hydrolysate was washed with distilled water 
repeatedly to remove HCI completely; 10 ul of redrying agent 
[triethylamine/ethanol/water (2:2:1, by vol)] was added to 
the hydrolysate. After drying under vacuum, 50 ul of derivati- 
zing agent [ethanol/triethylamine/water/phenylisothiocyanate 
(7:1:1.1, by vol.)] were added to the mixture and left to react for 
20min at room temperature The mixture was again dried 
completely and dissolved in 100 zl of solvent A [2.5% (v/v) 
acetonitrile in 70 mM sodium phosphate buffer, pH 6.5]. The 
derivatized sample was then injected onto a C,, reverse-phase 
column (Shodex C,,, 5 um spherical particles, 4.6 mm internal 
diam. x 25 cm) equilibrated in solvent A at 43 °C, and eluted at a 
flow rate of 1.2 ml/min for 10 min and then with solvent B [15% 
(v/v) methanol in 45% (v/v) acetonitrile] with the use of the 
following gradient (v/v): 0-10 min, 0% B; 10-40 min, 5% B; 
40-55 min, 5% B; 55-65 min, 5-15% B; 65-69 min, 15-30% 
B. The eluate was monitored at 254 nm and 1 min fractions were 
collected. 
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Alrway smooth-muscle ceil culture 


Primary cultures of bovine tracheal smooth-muscle cells were 
prepared from bovine trachealis muscle, as described previously 
[21]. Direct immunofluorescence staining of the cells with an 
FITC-conjugated monoclonal antibody against smooth-muscle 
isoactin (Sigma) demonstrated that cultures consisted of a 
homogeneous population of smooth-muscle cells [22]. Cells at 
passage 1—7 were used for experiments. 


Assesment of proliferation 


DNA synthesis rates were assessed by measuring PH]thymidine 
incorporation as follows: cells were seeded in microtitre wells 
(25000 cells per well) and allowed to grow to confluence. The 
medium was replaced with medium M199 (Cellgro; Mediatech, 
Washington, DC, U.S.A.) containing 0.4% (v/v) fetal bovine 
serum. After a 48 h starvation, the inhibitors to be tested were 
added 30 min before stimulation of the cells. Without a change 
of medium, purified hexosaminidase A (Hex A) or vehicle (PBS) 
was added [21]. In some experiments, an agonistic antibody 
(mAb,,; [23]) directed to the extracellular domain of human 
macrophage mannose receptors was used to stimulate cells. 
l'H]Thymidine (0.5 wCi per well) was added to the cells 20 h after 
the stimulation; cells were harvested 18 h later. Radioactivity 
was quantified in a liquid-scintillation counter. Experiments were 
performed 1n quadruplicate and were repeated three times. 

Parallel] experiments were set up to assess cell counts and 
cytotoxicity by tetrazolium salt reduction with the use of a 3-[4,5- 
dimethylthiozol-2-yl]-2,5-diphenyl tetrazolium bromide (5 mg/ 
ml; Millipore-filtered) (MTT) colorimetric assay, as described 
previously [21]. MTT dissolved in PBS was added to the adherent 
cells in microtitre wells (20 ul per well) at the end of the 
experimental period. After incubation for 4 h at 37 °C, medium 
was removed from the microtitre wells and acidified with 0.04 M 
HCl; 2-propane/propan-2-ol was then added to wells (200 ul per 
well). The plates were left at room temperature for 30 min and 
then read on an ELISA reader (EL340 Microplate; Bio-Tek 
Instruments, Winooski, VT, U.S.A.) at 570 nm. Cell numbers 
were derived from a standard curve generated from known cell 
numbers. 


RESULTS 


Enzymic methylation of oligopeptides derived from SRB 


Previous studies had indicated that the arginine residue in 
-GRG- in polypeptide sequences was the most methylatable by 
protein methylase I; SRB was found to contain this tripeptide 
sequence (residues 18-20). Therefore, to investigate the methyl- 
ation of SRB peptides, SRB P-1 (7-mer), SRB P-2 (7-mer with 
blocked N-terminus and C-terminus) and SRB P-3 (19-mer) 
were synthesized chemically. All three peptides served as methyl 
acceptors for the rat liver cytosolic protein methylase I (Table 2). 
However, the 19-mer was the best methyl acceptor, even though 
only less than one-third the amount of the 7-mer peptides was 
used for methylation. To examine whether free amino and 
carboxy groups in the peptide exerted any effect on methyl 
acceptability, the N-terminus and C-terminus were blocked with 
an acetyl and an amide group respectively; the blocked 7-mer 
(SRB P-2) was 14% less effective as a methyl acceptor than the 
unblocked (SRB P-1). 

The K, values for 7-mer and 19-mer peptides were then 
compared (Table 3). SRB P-3 (the 19-mer) showed a much lower 
K, value than the 7-mer peptides (8.3 4M compared with 50.0 
and 52.6 uM), indicating clearly that the longer peptide had a 


Table 2  Methyl-acceptabllity of peptides derived from the SRB protein by 
rat liver protein methylase | 


The methylation reaction was performed in a total reaction mixture of 0125 ml containing 
0.125 M potassium phosphate, pH 76, 0.04 mM Ado(met/yf- "C]-Met (103 d.p m /pmo)), 
174 ug of protein methylase | and the indicated amounts of substrate at 37 °C for 12 min The 
mixture was then adjusted to pH 40 and bolled for 30 min to terminate the reaction, methyl 
Incorporation into the peptides was estimated with a Sephadex G-10 column as described in 
the Experimental section. "The methyl incorporations into hnRNP protein A1 and histone IAS 
were quantified by the tnchloroacstic acid precipitabon. method 


Incorporation of 

methyk ^C 
Substrate Molecular mass (Da) Amount used (nmol) (dpm) (mol*) 
SRB P-1 602 229 5060 0 021 
SRB P-2 643 298 4410 0014 
SRB P-3 1820 68.0 5800 0 083 
hnRNP protein A1* — 34000 15 5340 3 453 
Histone |-AS* 12000—14 000 23.8 2980 0 121 





Table 3 Kinetic constants for SRB peptides by rat liver protein 
methylase | 


The expenmental condibions were the same as those descnbed In Table 2, except that variable 
concentrations of substrate peptides were used in the presence of a fixed amount of 0.04 mM 
Ado[methyt ^C]Met 





Substrate Ko (4M) Veer (pmol of [methyt ^ C]/min per mg) 
SRB P-1 500 3 03 
SRB P-2 52 6 2 63 
SRB P-3 83 339 
hnRNP protein A1 0 5*, 0.19f 151t 
Histone II-AS 21.01 2551 
* From [19]. 
f From [5] 
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Figure 1 Sephadex &-10 chromatography of methyi-“C-labelled SRB-P3 


SRB-P3 (39 6 ug) was methylated in a standard reaction mixture with Ado[ metfyt*C]Met in 
the presence of protein methylase | for 60 min After incubation, the mixture was adjusted to 
pH 40 and heated at 100 °C for 30 min to destroy unreacted AdoMet The mixture was then 
chromatographed on a Sephadex G-10 column (05 cm x 110 cm) and 05 mi frachons were 
collected Allguots (005 mi) from each fraction were counted for radicactivity; other aliquots 
were analysed by ninhydnn reaction to obtain a peptide elution profile The sum of the total 
radioactrities eluted in fractions 30-33 was taken as the total enzyme activity Symbols: @, 
funhydan at 580 nm, O, radioactivity incorporated 
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Figure 2 HPLC analysis of [methy/-"C]SRB P-2 


Details of the methylation and derrvatization reactions are described in the Experimental section 
The methy?-'“C-labelled SRB P-2 was hydrolysed in 6 M HCI at 110 °C for 24 h and the 
hydrolysate was prepared for HPLC analysis The sample (37 nmol of [methy* C]SRB P-2) was 
Injected on a C,, reverse-phase column and analysed for methylated amino acids as described 
in the Expenmental section Abbreviations MMA, A®-monomethylarginine, DMA, 
A® N9-dimethyl(asymmetric)arginine, D'MA, A9, 9-dimethyl(syrmetric)arginina 


higher affinity for the enzyme. It has also been previously 
reported that the K,, of hnRNP A1 protein was 0.5 uM ; this high 
affinity was most probably due to the protein chain length as well 
as the presence of four methylatable arginine residues in Al 
protein 


Identification of enzymically methylated [methy+“C]SRB P-2 


To identify the enzymic product, the methyi-'*C-labelled SRB P- 
2 purified on a Sephadex G-10 column (Figure 1) was con- 
centrated and subjected to hydrolysis with HCl. The hydrolysate 
was then analysed by HPLC for methyl-1*C-labelled amino acids. 
As shown in Figure 2, two radioactive peaks, AN?-mono- 
methylarginine (78.6 95) and N9,N?-dimethylarginine (21.4%), 
migrated together with respective authentic arginine derivatives, 
with retention times of 46 and 66 min, respectively, indicating 
that the enzymic products were indeed due to the protein arginine 
N-methyltransferase. No other methylated basic amino acids 
were seen. 


Enzymic methylation of fibronectin peptide and Its analogues 


Several synthetic oligopeptides similar to the sequence of the cell 
attachment domain in fibronectin were examined as substrates 
for protein methylase I. As shown in Table 4, the synthetic 
heptapeptide Gly-Arg-Gly-Asp-Ser-Pro-Lys (EN P-1) showed 
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Table 4  Methyl-acceptablüity of fibronectin peptides by rat liver protein 
methylase | 


The experimental conditions were the same as those described In Table 2, except that 
Incubation was performed for 60 min at 37 °C, with 47 xg of protein methylase | The specific 
radioactivity of the Ado{medhyt'4C]Met was 117 d.pm/pmol For histone Il-AS the tri- 
chloroacetic acid precipitation method was used. 





Incorporation of 
Substrate Molecular mass (Da) Amount used (nmol) — methy* "C (dpm) 
FN P-1 717 1390 174 
FN P-2 714 1290 1750 
FN P-3 831 1200 2970 
Histone ||-AS 12000—14 000 769 9340 





Table 5 Effect of arginine-methylated and unmethylated fibronectin 
peptides on mitogenesis Induced by -Hex A and mannose receptor agonist 
antibody In bovine tracheal smooth-muscle celis 


Quiescent cells [starved in medlum containing 04% (v/v) FBS] in microtitre wells were 
pretreated with one of the peptides [GGRGDSPK or GGR(CH,)GDSPK, in which R(CH,) indicates 
A, NS-dimethyl(asymmetric)arginine] at a concentration of 5-10 uM dissolved in medium 
M199 for 30 min before the addition to the calls of Hex A (50 nM), vehicle for Hex A (PBS), 
mAbs (25 nM) or non-Immune mouse IgG, Parallel experiments were performed as described 
above. Viable cell numbers were obtained by MTT assay at the end of a 48 h expenmental 
parod as described In the Expenmental section Results are means +SEM (n— 3 three 
separate axpenments of quadruplicate cultures from different cell populations each from a 
different animal) Single-letter amino acid abbreviations are used 


Inhibition (%) 

Agonist Fibronectin peptide Concentration (4M) DNA synthesis Cell number 

Hex A . None 0 0 0 
GGRGDSPK 5 39r? 3545 
GGRGDSPK 10 62+7 515 
GGR(CH,)GDSPK 5 0 0 
GGR(CH,)GDSPK 10 0 0 

mAb,, None 0 
GGRGDSPK 5 96-5 36 +6 
GGRGDSPK 10 67+8 48+3 
GGR(CH,)GDSPK 5 0 0 
GGR(CH,)GDSPK 10 0 0 





negligible substrate capability. However, when the N-terminal 
glycine residue of FN P-1 was extended with. extra glycine 
residues, the methyl acceptability 1ncreased in proportion to the 
number of residues added, indicating that the number of glycine 
residues at the N-terminus of the GRG motif was an important 
factor in increasing the methyl acceptability of the fibronectin 
peptide. However, because of very low methyl incorporation in 
these peptides, K, values were not determined. 


Effect of arginine methylation of the fibronectin peptides on their 
p-Hex-induced DNA synthesis 


It has been known that lysosomal hydrolases, such as human 
Hex A and the agonist antibody against the macrophage mannose 
receptor, induce DNA synthesis and cell proliferation in the 
mannose-receptor-mediated mitogenesis of bovine tracheal 
smooth-muscle cells [22,23]. To investigate the effect of methyl- 
ation of the arginine residue ın the cell attachment peptide, two 
analogues of fibronectin: peptide (FN P-2; GRGDSPK) were 
synthesized chemically, one with arginine and the other with 
N9,N?-dimethyl(asymmetric)arginine. As shown in Table 5, the 


fibronectin peptide (FN P-2) containing an arginine residue 
inhibited the synthesis of DNA induced by both the ligand (Hex 
A) and an agonistic antibody (mAb,,), as well as cell division, 
in a concentration-dependent manner (35-67% inhibition, 
5-10 uM). In contrast, FN P-2, containing dimethylarginine, 
inhibited neither of the agonist-induced mitogeneses. 


DISCUSSION 


N?-Methylated arginine residues in protein are formed post- 
translationally in polypeptides only when the amino acid se- 
quence and chain length are specifically recognized by protein 
arginine N-methyltransferase [1,2]. Previous studies indicated 
that the -GRG- motif within the methyl acceptor oligopeptides 
was the most favourable local sequence for methylation by the 
methyltransferase [7,11,12]. In extending the above observations 
in the present study, we chemically synthesized several oligo- 
peptides with overlapping local sequences of SRB and fibronectin 
for methylation in vitro, because these proteins contain a -GRG- 
sequence and are biologically important. 

SRB protein is an RNA-binding protein that acts as one of the 
cofactors in the regulation of HIV-] gene expression. The 
regulation of the HIV-1 gene is dependent on a number of cis- 
acting regulatory elements in the long terminal repeat [24,25]; a 
double-stranded RNA structure transcribed from the HIV-1 long 
terminal repeat, known as TAR, is critical for increasing gene 
expression in response to the Tat transactivator protein [26]. 
Two cellular factors, RNA polymerase II and TRP-185, bind 
specifically to TAR RNA in the presence of cellular factors [13]. 
Three cellular proteins have been identified in the cofactor 
fraction: elongation factor 1-o, the polypyrimidine-tract-binding 
proteins and SRB. SRB has a high degree of similarity to a 
vaniety of cellular proteins known as chaperonins [13]. The 
primary structure of SRB contains a GRG motif at the N- 
terminus (residues 18—20). As shown in Table 2, comparing the 
methyl acceptability of the synthetic 7-mer (SRB P-1; residues 
16-22) and 19-mer (SRB P-3, residues 10—28), it is clear that the 
longer peptide showed a much better substrate activity, with a 
lower K, value, than the 7-mer peptide. These findings were 
predictable because our previous study had indicated that a hexa- 
peptide was the minimum chain length for methylation; a 
tetrapeptide was completely inert as a substrate for myelin-basic- 
protein-specific protein methylase I (EC 2.1.1.126) [11]. When 
the N-terminus and the C-terminus of the 7-mer (SRB P-2) were 
blocked, an approx. 15% decrease in methyl acceptability was 
observed in comparison with the unblocked 7-mer (SRB P-1), 
indicating that the charge status of the N-terminus and the C- 
terminus of peptide did not greatly affect the methylation; 
rather, the chain length of the substrate was significant. It would 
constitute a great challenge to study whether the whole molecule 
of SRB protein has methyl-accepting activity and what effect 
methylation has on RNA-binding activity. Unfortunately, how- 
ever, unmethylated SRB protein is not available at present. 
Nevertheless, when the arginine residue in the RGG motif was 
N3-methylated (1.4 mol%), the binding activity of hnRNP A1 
protein towards RNA was depressed [27]. Because the methyl- 
ation would be expected to block hydrogen-bonding interactions 
between the phosphoryl group of RNA and the N?-guanidino 
nitrogen that allows a single essential arginine residue in Tat 
protein to recognize the TAR RNA target [28], methylation 
might be expected to have a far-reaching effect on the regulation 
of HIV gene expression. 

In general, enzymic post-synthetic modification of protein in 
vitro is not a stoichiometric reaction and often yields a fractional 
modification, thereby resulting in microheterogeneity on gel 
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electrophoresis of the reaction product. Fractional modification 
was more obvious when peptide substrates were employed. To 
overcome this drawback, we chemically synthesized an analogue 
of the 8-mer cell-attachment peptide (GGRGDSPK ; FN P-2) 
containing N?,N9-dimethyl-(asymmetric)-L-arginine in the place 
of L-arginine and studied its effect on the tracheal smooth-muscle 
cells in culture. As shown in Table 5, the arginine-unmethylated 
fibronectin peptide (FN P-2) inhibited an agonistic antibody of 
DNA synthesis induced by mannose receptor and Hex, as well as 
cell proliferation, in proportion to the concentration of peptide, 
whereas the methylated peptide did not block under the identical 
conditions. On activation of the receptors for Hex A in tracheal 
smooth-muscle cells, a,8, integrins rapidly associate directly 
with the receptor [29]. The present results further support the 
notion that the fibronectin peptide inhibits mannose-receptor- 
mediated signalling pathways and mitogenesis indirectly by 
binding the integrins. This in turn might inhibit the interaction 
between integrins and the mannose receptors in tracheal smooth- 
muscle cells. 

Fibronectin interacts with extracellular matrix macromolecules 
and with receptors at the surface of most eukaryotic cells [15]; 
the interaction of fibronectin with cells results in the attachment 
and spreading of those cells on a surface covered with fibronectin. 
It has been known that the RGD sequence is required for the 
recognition of fibronectin in cells [14]. These sequences have also 
been identified in cell recognition sites of vitronectin, fibrinogen, 
von Willebrand factor, type I collagen and osteopontin, each of 
which can bind to one or more integrins [30,31]. The results 
presented here, that N9-methylated arginine in fibronectin pep- 
tide abolished the inhibitory effect of fibronectin peptide on 
mannose-receptor-mediated reactions, suggest that the post- 
translational methylation of arginine in fibronectin-like proteins 
is involved in the regulation of the interactions of the RGD 
sequence with cells. 
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Contrasting effects of N°-substituted tetrahydrobiopterin derivatives on 
phenylalanine hydroxylase, dihydropteridine reductase and 


nitric oxide synthase 
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Toxicology, University of Graz, Unlversitatsplatz 2, A-8010 Graz, Austria, and {Department of Blochemistry, Institute of Neurology, Queen Square, 


London WCIN 3BG, U.K 


Tetrahydrobiopterin [(6R)-5,6,7,8-tetrahydro-L-biopterin, H, 
biopterin] is one of several cofactors of nitric oxide synthases 
(EC 1.14.13.39). Here we compared the action of N*-substituted 
derivatives on recombinant rat neuronal nitric oxide synthase 
with their effects on dihydropteridine reductase (EC 1.6.99.7) 
and phenylalanine hydroxylase (EC 1.14.16.1), the well-studied 
classical H,biopterin-dependent reactions. H,biopterin substi- 
tuted at N* with methyl, hydroxymethyl, formyl and acetyl 
groups were used. Substitution at N* occurs at a position critical 
to the redox cycle of the cofactor in phenylalanine hydroxylase/ 
dihydropteridine reductase. We also included N*-methyl H,bio- 
pterin, a derivative substituted at a position not directly 
involved in redox cycling, as a control. As compared with N5- 
methyl H,biopterin, N9-formyl H,biopterin bound with twice the 
capacity but stimulated nitric oxide synthase to a lesser extent. 
Depending on the substituent used, N*-substituted derivatives 


were redox-active: N*-methyl- and N*-hydroxylmethyl H,bio- 
pterin, but not N*-formyl- and N*-acetyl H,biopterin, reduced 
2,6-dichlorophenol indophenol. N*-Substituted H,biopterin 
derivatives were not oxidized to products serving as substrates for 
dihydropteridine reductase and, depending on the substituent, 
were competitive inhibitors of phenylalanine hydroxylase: N*- 
methyl- and N*-hydroxymethyl H,biopterin mhibited phenyl- 
alanine hydroxylase, whereas N*-formyl- and N*-acetyl H, 
biopterin had no effect. Our data demonstrate differences in the 
mechanism of stimulation of phenylalanine hydroxylase and 
nitric oxide synthase by H,biopterin. They are compatible with 
a novel, non-classical, redox-active contribution of H,biopterin 
to the catalysis of the nitric oxide synthase reaction 


Key words: biopterin, inhibition, reaction mechanism, redox 
cycling, stimulation. 





INTRODUCTION 


The role of tetrahydrobiopterin [(6R)-5,6,7,8-tetrahydro-1- 
biopterin, H,biopterin] in nitric oxide synthase (NOS; EC 
1.14.13.39) has attracted attention due to its differences to the 
well-known function of this pteridine in the phenylalanine 
hydroxylase reaction [1], and due to the prospects of using this 
knowledge for inhibitor design. Ín contrast to phenylalanine 
hydroxylase (EC 1.14.16.1), NOS is stimulated by much lower 
concentrations of the cofactor and exhibits a much higher 
selectivity for the (6R) 6-(L-erythro-1,2-dihydroxypropyl) side 
chain [2,3]. In common with phenylalanine hydroxylase, only 
tetrahydro- but no dihydroderivatives of pteridines stimulate the 
reaction [4,5]. In addition to increasing NOS activity, H,biopterin 
promotes dimerization of the enzyme [6—8], stimulates the shift 
of the haem iron from low spin to high spin [9,10], and increases 
the affinity of the enzyme for the substrate L-arginine [4]. 
However, these allosteric effects alone are insufficient to explain 
the role of H,biopterin in the NOS reaction, since the 4-amino 
analogue exerts all of these allosteric effects without stimulating 
the enzyme's activity [10,11]. Experimental results hint at a 
redox-active role of H,biopterin in the NOS reaction: the decay 
of the ferrous oxygen complex of the neuronal NOS (nNOS) 


oxygenase domain is accelerated by H,biopterin [12]. Low- 
temperature UV spectra of nNOS suggest a reductive activation 
of the ferrous oxygen complex by H,biopterin [13]. 
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Figure 1 Structural formula of H,blopterin derivatives used in this study 


N'-subshituted derivatives, R, = methyl, hydroxymethyl, formyi or acetyl, and R, = H N7- 
Methyl H,biopterin, R, =H and R, = methyl H,blopterin (R, = R, = H) leaves the 
phenylalanine hydroxylase reaction as 4ehydroxy derivative. This 4a-hydroxy group together 
with the hydrogen atom (R,) at N° is then cleaved off as water to yield the quinonoid 6,7- 
[8H]dihydrobioptenn, which ts the substrate of the dihydropteridine reductase reaction [1] 





Abbreviations used H,bioptenn, (65)-5,67,8-tetrahydro-L-biopterin, DCPIP, 2,6-dichlorophenol indophenol, NOS, nitric oxide synthase, nNOS, 


neuronal NOS 
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We have shown recently that the N*-methyl derivative of 
H, biopterin stimulates nNOS, although it does not react with 
molecular oxygen [14]. Here we compare the action of a series of 
N*-substituted H,biopterin derivatives (Figure 1) on phenyl- 
alanine hydroxylase, dihydropteridine reductase (EC 1.6.99 7) 
and nNOS. Substitution at N* occurs at a position critical to the 
redox cycle of the cofactor in phenylalanine hydroxylase/ 
dihydropteridine reductase. As a control, we included N” -methyl 
H,biopterin (Figure 1), a derivative substituted at a position not 
directly involved ın redox cycling. We show that N*-substituted 
derivatives do not support the dihydropteridine reductase re- 
action and are inhibitors of phenylalanine hydroxylase. The 
nNOS stimulatory potential of N*-substituted H,biopterin deriv- 
atives correlates with their reductive potential, but not with their 
affinity to nNOS. Our data are compatible with a novel, non- 
classical, redox-active role of the pterin cofactor in the NOS 
reaction. 


EXPERIMENTAL 
Materials 


All pteridine derivatives were obtained from Dr Schircks Labor- 
atories, Jona, Switzerland. H.,biopterin. content of the novel N*- 
and N*'-substituted H,biopterin derivatives was checked by 
HPLC with electrochemical detection as described 1n [15]. All N*- 
derivatives and the N*-methyl derivative had no detectable 
H, biopterin (< 0.0033 95), except for N*-hydroxymethyl H,bio- 
pterin, which contained 1.1%  H,biopterin. [3’-*H} 
H, biopterin (14 Ci/mmol) was enzymically prepared from [8,5’- 
*H]IGTP as detailed elsewhere [16]. r-[2,3,4,5-*H]A rginine 
(57 Ci/mmol) was from Amersham Pharmacia Biotech (Uppsala, 
Sweden). H,biopterin-free rat nNOS was prepared from 
baculovirus-infected insect cells treated with 2,4-diamino-6- 
hydroxypyrimidine as described in [17] Sheep liver di- 
hydropteridine reductase (100 units/mg) and rat liver phenyl- 
alanine hydroxylase (0.069 units/mg) were obtained from Sigma 
(St.Louis, MO, U.S.A.). All other chemicals were from Sigma or 
Merck (Darmstadt, Germany). 


Determination of phenylalanine hydroxylase activity 


Phenylalanine hydroxylase was incubated under conditions 
modified from [18] and the amount of tyrosine formed was 
determined by HPLC with fluorescence detection. Briefly, phenyl- 
alanine hydroxylase (60 ng/ml) was preincubated with 200 uM 
phenylalanine for 10 min at 37 °C, and the reaction was started 
by addition of a mixture of H, biopterin derivative (10 z~M—1 mM) 
and 10* units/ml catalase (Serva, Heidelberg, Germany). After a 
further 20 min at 37 °C, the reaction was stopped by addition of 
10 al of 1 M HCl. Then, 10 ul were injected on to an RP-18 
column (125 x 4mm, Lichrosphere, 5 um particle size; Merck) 
and eluted with 75 mM KH,PO, buffer containing 20% (v/v) 
acetonitrile, 10% (v/v) methanol, 0.44 g/l. SDS and 1.5 4M 
EDTA, pH 3.1 (adjusted with 1 M trichloroacetic acid) at a flow 
rate of 0.8 ml/min. Tyrosine was detected by fluorescence 
(excitation 285 nm, emission 325 nm) with a detection limit of 
2.5 pmol. 


Assay for dihydropteridine reductase 


Two assays were used. (1) A method based on oxidation of the 
H,biopterin derivative by peroxidase/hydrogen peroxide and 
monitoring of the consumed NADH was updated from [19]. In 
200 ul of 50 mM Tris/HCl, pH 7.2, the following components 
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were incubated at 37 °C for 5 min: hydrogen peroxide (0.003 %), 
peroxidase (1 unit, Sigma), H,biopterin derivative (1—35 uM), 
NADH (150 uM) and dihydropteridine reductase (2 ug/ml). The 
reaction was started by addition of dihydropteridine reductase. 
and the consumption of NADH was monitored by UV ab- 
sorption at 340 nm in a microplate reader (Anthos 2001, Anthos, 
Salzburg, Austria). (ii) The second method used to determine 
dihydropteridine reductase monitors the consumption of 2,6-. 
dichlorophenol indophenol (DCPIP) [3], which is used to oxidize 
the tetrahydropterin to the ‘quinonoid’ 6,7-[8H]dihydrobi- 
opterin. In a total volume of 200 ul, 2 ug/ml dihydropteridine 
reductase are incubated with 0.1-3.44M H,biopterin in the 
presence of 150 yM NADH and 150 uM DCPIP for 5 min at 
37 °C. The reaction is started by addition of DCPIP, and the 
consumption of the dye is quantified by measurement of 
the absorption at 620 nm in a microplate reader (Anthos) 


Measurement of NOS activity 


NOS activity was determined by quantification of [>H]citrulline 
from L-[2,3,4,5-?H]arginine as described in [20]. Incubations were 
performed in 0.1 ml of 50 mM triethanolamine/HCl, pH 7.4, 
containing 0.1—0.2 ug of purified, recombinant H,biopterin-free 
nNOS [17] 0.1 mM 12,3,4,5-?H]r-arginine (~ 60000 c.p.m.), 
0.5 mM CaCl, 10 ug/ml calmodulin, 0.2 mM NADPH, 5 uM 
FAD, 54M FMN, 0.2mM CHAPS and 107-10? M H, 
biopterin derivative. In some experiments, 5 uM haemoglobin 
was added to scavenge NO to mactivate feedback inhibition, 
since NO rather than peroxynitrite is the product of the NOS 
reaction with N9-methyl H,biopterin [14]. 


Binding of H,biopterin derivatives to nNOS 


Purified, H,biopterin-free rat nNOS was incubated for 10 min at 
37 °C with 10 nM [3'-* H]H,biopterin (14 nC), 0.1 mM L-arginine 
and 1075-10? M H,biopterim derivative in 0.1 ml of triethanol- 
amine/HCI buffer, pH 7.4, followed by rapid vacuum filtration 
using the MultiScreen Assay System from Millipore. Deter- 
mination of the radioactivity retained on the filters by liquid 
scintillation counting was performed as in [3]. 


Reduction of DCPIP by H,blopterin derivatives 


At room temperature in volumes of 200 ul, H,biopterin deriv- 
atives (150 uM) or water were mixed with DCPIP (150 4M) at 
the following pH values in the following buffer systems (100 mM 
each): pH 7.2 (K,HPO,/KH,PO,), pH 6.0 K,HPO,/KH,PO,); 
pH 4.5 (acetic acid/sodium acetate) and pH 3.0 (KH,PO,/ 
H,PO,). Within 2 min, the absorbance at 620 nm (pH 7.2 and 6.0) 
and at 540 nm (pH 4.5 and 3 0) was measured with a microplate 
reader, and the absorbance of the wells containing no H, biopterin 
derivative was set to 100 95. Stopped-flow experiments to analyse 
the kinetics of reduction of DCPIP by the H,biopterin derivatives 
were performed with a Biosequential SX-17 MV ASVD ap- 
paratus (Applied Photophysics, Leatherhead, U.K.). Solutions 
of pteridines and DCPIP, 100 ul each, were mixed at 25 °C and 
the decrease of UV absorption at 600 nm was monitored up to 
30 s. The final reaction mixture consisted of 02 M K,HPO,/HCI 
buffer (pH 6.0), 150 ;M H,biopterin derivative and 25 uM 
DCPIP. Six independent experiments yielded the means + S.E.M. 
mentioned in the Results section. All values shown are 
means +S.E.M. of three independent experiments unless indi- 
cated otherwise. 


RESULTS 


Depending on the nature of the N*-substituent, N*-substituted 
H,biopterin derivatives are still capable of donating electrons. 
This is exemplified by the equilibrium concentrations of DCPIP 
in reaction mixtures with the H,biopterin denvatives (Figure 2). 
Whereas H,biopterin and its N''-methyl derivative reduced 
DCPIP at all investigated pH values to 100%, N5-substituted 
derivatives showed declining reductive potential in the order of 
the N*-substituent hydrogen > methyl > hydroxymethyl]. N*- 
formyl and N*-acetyl derivatives were not capable of reducing 
DCPIP in the investigated pH range (Figure 2). A simular 
ranking was observed by studying the kinetics of the reaction of 
DCPIP with the H,biopterin derivatives: Second-order rate 
constants declined from 170 4-4 mM'^!- s^! for the N*-substituent 
hydrogen, to 1.32-0.3 mM *-s^? for the XN*-methyl, and 
6.0+0.3 mM^'-s! for the N*-hydroxymethyl derivative. N$- 
formyl and N*-acetyl H,biopterin did not react at all. The N*'- 
methyl derivative, in contrast, reduced DCPIP with a second- 
order rate constant of 200 -- 7 mM"!-s^!, which is as fast as the 
parent compound H,biopterin. 

Substitution of H,biopterin at N* with a methyl group did not 
affect the ability of the compound to serve as substrate for the 
dihydropteridine reductase reaction (Figure 3). N*-substitution, 
however, completely blocked the ability of the compounds to 
serve as substrates for dihydropteridine reductase regardless of 
the nature of the N*-substituent [Figure 3, assay (i)]. When given 
at a 10-fold excess (35 uM) together with H,biopterin (3.5 uM), 
none of the N*-substituted H,biopterin derivatives inhibited the 
dihydropteridine reductase reaction [assay (ii), not shown]. 

When the derivatives were tested for their ability to serve as 
substrates for the phenylalanine hydroxylase reaction, only N*'- 
methyl H,biopterin could act as cofactor for the enzyme instead 
of H,biopterin (Figure 4). Whereas the K,, of N*-methyl H,bio- 
pterin (25.2: 7.4 uM) was comparable with that of H, 
biopterin (17.441.2 4M), only 24.612.895 of the Vaas of 


100 


DCPIP absorbance (X of control) 





Figure 2 Redaction of DCPIP by H,blopterin derivatives as a function of pH 


Pterkdine derivatives (final concentration 150 uM) were mixed with DCPIP (final concentration 
150 uM) at room temperature, and the absorbance determined at 620 and 540 nm within 
2 min The control was the absorption of DCPIP mixed with water Instead of H,biopterin- 
derivatve-contaiung solutton Values shown are means+SD of 8 determinations ©, 
H,blopterin, €, A°’-methy! H,bioptenn, CI, A®-methyl H,bioptenn; Wl, A^ hydroxy- 
methyl H,bioptenn: A, AP-formyl H,blopterin, A. AP-acety! H,blopterin 
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Figure 3 Ability of H,biopterin derivatives to provide substrates to the 
dihydropterkdine reductase reaction 


Pteridines were used in the indicated concentrations in the assay for dihydropteridine reductase, 
which used hydrogen peroxide/peroxkdase to oxidize the pterins and morutor the consumption 
of NADH at 340 nm (assay I, see the Expenmental section) Results show means +S D of four 
parallel incubations ©, H,biopterin, @, A’’-methy! H,bropterin; Wil, A°-hydroxymethy! 
Hgbloptenn; C] (= no stimulation), A°-methyl H,biopterin, A®-formy! H,biopterin and 
NA-acetyl H,bropterin. 


H, biopterin was achieved. When given together with H, biopterin, 
N*-formyl H,biopterin as well as the N*-acetyl derivative had 
no effect on phenylalanine hydroxylase activity. N*-methyl 
H,biopterin (K, = 23.1+5.44M) and N*-hydroxymethyl H, 
biopterin (K, = 237+70 4M), in contrast, inhibited phenyl- 
alanine hydroxylase activity competitively with H,biopterin. 
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Figure 4 Stimulation of phenylalanine hydroxylase by H,biopterin deriv- 
atlves 


Phenylalanine hydroxylase was Incubated with the indicated concentrations of H,blopterin 
derivatives and the formation of tyrosine from phenylalanine measured by HPLC with 
fluorescence detection Values shown are means--S D of three parallel Incubations ©, 
H,biopterin, @, A’-methy! H,biopterin, Wl, A?-hydroxymethy! H,blopterin, I (= no 
stimulation), A®-methyl H,blopterin, A*-formy! H,bxoptenn and A®-acety! H,broptenn. 


© 2000 Biochemical Society 


582 E. R. Werner and others 


Table 1 Binding and stimulatory characteristics of H,btopterin derivatives 
on recombinant, H btopterin-free rat nNOS 


H,bioptenn-free, recombinant nNOS was prepared as described in [17]. Binding of Fbioptann 
derrvatives to the enzyme was assayed by replacement of enzyme-bound [9 H]H,bio- 
pterin according to [3]. NOS activities were determined by measurement of [2,3,4,5-3H Jcitrulline 
formed from L-[2,3,4,5- H]Jargimine in the presence of haemoglobin to avoid feedback Inhibrhon 
by nite oxide, which Is the product of the NOS reaction in the presence of AP-methyl 
H,bioptenn [14] Values are means SEM of three experiments &Y shows i, as a 
percentage of that of the parent compound, H,bloptenn (= 100%) 


Binding to nNOS Stimulation of Stimulation of 
Derivative (Ay OF K, uM) MNOS (ECg, uM) —— ANOS C$ Kg) 
H4bioptenn 026 - 001 0041 --0015 100 4- 13 
N*"-Methy! H bropterin 15+6 48-+14 62+10 
AP-Methyl H,biopterin 56-412 702-18 1084-15 
N*-Formyl H,biopterin 2543-02 32-17 47+10 
N°-Acatyl H,blopterin 130+ 55 None Nona 


Table 1 compares binding and stimulation of H,biopterin-free 
rat nNOS by H,biopterin and its derivatives studied in this work. 
Substitution at N* with a methyl group greatly reduced the 
affinity of H,biopterin to the enzyme, and stimulation required a 
concentration of the pterin derivative three orders of magnitude 
higher. Substitution at N* with acetyl led to a complete loss in 
stimulation of nNOS, and binding was very poor (Table 1). 
Substitution at N* with methyl yielded a compound that could 
bind to nNOS and lead to full stimulation of the enzyme, albeit 
with a 170-fold higher EC,, compared with the parent 
compound. This is consistent with the more than two orders of 
magnitude lower affinity for the N5-methyl derivative (Table 1). 
N*-formyl H,biopterin exhibits twice the affinity to nNOS as M5- 
methyl H,biopterin. Consistent with this, only about half of the 
concentration of N*-formyl H,biopterin as compared with N*- 
methyl H,biopterin 1s required for half-maximal stimulation of 
nNOS. The V... reached with N*-formyl H,biopterin, however, 
is less than 50% when compared with N*-methyl H,biopterin or 
H,biopterin (Table 1). N*-Hydroxymethyl H,biopterin bound 
with a K, of 1.5+0.7 „M, and stimulated the enzyme with an 
EC,, of 6.341.9 uM to 84+19% of the V... observed with 
H,biopterin. Since the 1.1% H,biopterin contained in this 
preparation could contribute strongly to these observed values, 
they were omitted from the Table and not considered for further 
interpretation. 


DISCUSSION 


The role of H,biopterin in the NOS reaction has fascinated 
researchers since its detection about 10 years ago [2,21,22]. A 
straightforward approach has been to assume that the first step 
of the NOS reaction, the hydroxylation of L-arginine, depends on 
H,biopterin by a mechanism comparable with the phenylalanine 
hydroxylase reaction [23]. Several pieces of experimental evidence 
have made it more and more difficult to maintain this hypothesis. 
H,biopterin was not required in stoichiometric amounts com- 
pared with product formation [24,25], and recycling of H,bio- 
pterin was not observed [25]. In addition, the second step of 
the NOS reaction, the conversion of N°-hydroxy-L-arginine to 
citrulline and NO, was found to require H,biopterin [26] and is 
inhibited by the 4-amino analogue of the pterin cofactor [11]. 
Further, as shown 1n the present study, N*-methyl H,biopterin 
stimulates the NOS reaction, even though it 1s an inhibitor of the 
phenylalanine hydroxylase reaction and cannot be oxidized to 
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products serving as substrate for the dihydropteridine reductase . 
reaction. This demonstrates that the mechanisms of stimulation 
of phenylalanine hydroxylase and NOS by H,biopterin may-be' 


fundamentally different A comparison of data on NOS stimu-__- 


lation and binding of N*-substituted H,biopterin derivatives 
reveals a striking discrepancy between binding and stimulatory 
capacity: N*-formyl H,biopterin binds with twice the affinity 
compared with N*-methyl H,biopterin. Nevertheless, only N5- 
methyl H,biopterin yields a V, comparable with H biopterin. 
The V... obtained with N*-formyl H,biopterin is less than half 
of the V... of the former two compounds. An explanation for 
this difference could be the different redox potentials of the two 
H,biopterin derivatives, N*methyl and N*-formyl H,biopterin. 
Whereas cyclic voltammograms of the two compounds have a 
similar shape, the reductive potential of the N*-formyl derivative 
is weaker by 0.53 V (A C. F. Gorren, A. Kungl, K. Schmidt, E. 
R. Werner and B. Mayer, unpublished work). The N*-formyl 
derivative, therefore, can no longer react with DCPIP. If a 
reductive potential 1s relevant for NOS catalysis by the pterin, 


this difference might explain the lower V a, for the N*?-formyl - 


derivative. This interpretation is compatible with previous 
suggestions [13,27,28] that H,biopterin may stimulate the NOS 
reaction by donating electrons in an unconventional way, thus 
coupling NADPH oxidation to NO and citrulline formation [29]. 
Detection of a trihydrobiopterin radical in the inducible-NOS 
oxygenase domain [30] 1mpressively supports these suggestions. 


~ 


The behaviour of N*’-methyl H,biopterin is difficult to an- . 


terpret. Although the redox properties of this derivative are 
indistinguishable from the H,biopterin parent compound, the 
Vaa reached for stimulation of NOS is only 60 % of V... reached 


with H,biopterin. The rather poor affinity of this compound to ` 


NOS may prevent saturation from being reached. Alternatively, 
the N*'-methyl substitution may interfere with a potential in- 
teraction of the pterin with the haem in NOS. Crystal structures 
of NOS oxygenase domains containing pterin [28,31,32] suggest 
N* as a potential candidate for mediating an electronic in- 
teraction. Methyl at N* might interfere with this interaction. 
Remarkably, calculated electronic structures of tetrahydropter- 
idines [33] show that the two stimulators of NOS, H,biopterin 
and its N*-methyl derivative, share comparable potentials around 
N’. In contrast, the 4-amino analogue of H,biopterin, which 
inhibits NOS, has a totally different electronic structure at N?. 

The nature of the oxidation products of N*-substituted H,bio- 
pterin derivatives are not known thus far. As we show here, 
these oxidation products cannot serve as substrates in the 
dihydropteridine reductase reaction. Since H,biopterin is not 
consumed in the NOS reaction in stoichiometric amounts [24,25], 
NOS must also have a means of restoring the cofactor with the 
electron(s) it has donated to the reaction, 1f the assumption of 
single electron donation by the pterin [13,27,28] is correct. Our 
results suggest clearly that this potential recycling in NOS may 
occur by a mechanism different to the dihydropteridine reductase 
reaction. 
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A new method for the selection of protein interactions in mammalian cells 
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In the present study we present a new method that allows for the 
selection of protein interactions in mammalian cells. We have 
used this system to venfy two interactions previously charac- 
terized in vitro. (1) The interaction between human TATA- 
binding protein 1 and nuclear factor xB and (2) the association 
of Homo sapiens nuclear autoantigen SP100B with human hetero- 
chromatin protein-1a, a protein implicated in chromatin re- 
modelling. We observe for the first time that these interactions 
also occur in vivo. One protein was fused to the N-terminal half 
of ubiquitin, while the interacting partner was fused to the C- 
terminal half of ubiquitin, that was itself linked to guanine 
phosphoryltransferase 2 (gpt2) modified to begin with an arginine 
residue. Upon interaction of both proteins, ubiquitin is re- 
constituted, and its association with the Rgpt2 reporter is 


subsequently cleaved off by ubiquitin-processing enzymes. The 
presence of arginine in the Rgpt2 gene product leads to the degra- 
dation of the product by the N-end rule pathway. In the human 
fibroblast cell line HT1080HPRT™ (that is deficient in the enzyme 
for hypoxanthine-guanine phosphoribosyltransferase) cells in 
which interaction between both proteins of interest occurs can 
then be selected for by hypoxanthine/aminopterin/thymine 
medium and counterselected against by 6-thioguanine medium 
This method provides a suitable alternative to the yeast two- 
hybrid system and is generally applicable. 


Key words: Homo sapiens nuclear autoantigen 100B, human 
heterochromatin protein la, human TATA-binding protein 1, 
nuclear factor «B, transcription. 





INTRODUCTION 


Protein interactions are necessary for all biological processes. 
These interactions can be studied with purified proteins in vitro, 
but these studies must be validated for their biological significance 
inside the living cell. For example, the yeast two-hybrid assay can 
be used to functionally analyse protein interactions in vivo This 
assay was first described for Saccharomyces cerevisiae [1,2] and 
has since been adapted to monitor protein interactions in tissue 
culture cells [3]. However, the assay is based on a transcriptional 
readout; as a consequence, the analysis of transcription factors 
is limited. For example, transcriptional repressors may interfere 
with the signal, while transcriptional activators may produce a 
signal in the absence of an interacting protein. Also, the 
interaction must take place inside the nucleus, thereby excluding, 
for example, the analysis of membrane proteins ın their native 
environment. An alternative system based on cell proliferation 
has been described for S cerevisiae [4], and this system has 
recently been adapted for mammalian cells [5]. This system 
allows transcription factors to be tested; however, membrane 
proteins cannot be studied. Additionally, it 1s only possible to 
monitor protein interactions, because a selection method has not 
yet been described. 

The split-ubiquitin assay is an alternative to the standard yeast 
two-hybrid system [6]. Ubiquitin is split into N-terminal and C- 
terminal halves (N,, and C,» respectively), and each half 1s fused 
to either protein of interest. If the two proteins interact inside the 
living cell, the two halves of ubiquitin are brought into close 
contact; hence, this complemented ubiquitin is recognized by the 
ubiquitin-specific proteases (UBPs). The fusion containing C,, is 
cleaved, resulting in a protein product of reduced size. Since 
ubiquitin proteases are present in the cytosol and in the nucleus 


[7,8], the assay is not limited to interactions reconstituted 1n the 
nucleus of the cell. The split-ubiquitin assay was first described 
for S. cerevisiae, and tbe analysis was performed with Western- 
blots [9]. Recently, a selection in S. cerevisiae based on the split- 
ubiquitin assay has been published [10]. One protein is fused to 
N» while a second protein is fused to C» followed by orotidine- 
5'-phosphate decarboxylase (ura3) with an arginine at position 1. 
As shown by the N-end rule[11], which correlates the in vivo half- 
life of a protein with the nature of its N-terminal residue, 
introduction of this arginine residue promotes the rapid degra- 
dation of the Rura3 gene product. If the two proteins of interest 
interact inside the living cell, ubiquitin is reconstituted and the 
C.» fusion protein is cleaved from the Rura3 gene product. Upon 
its cleavage from the C,, fusion protein, the Rura3 reporter 1s 
degraded; as a result, the yeast cells become phenotypically 
uracil-deficient. 5-Fluoroorotic acid (FOA) can be used to select 
for uracil-deficient S. cerevisiae cells; therefore, the protein 
interactions inside the living cells can be selected for (with uracil- 
depleted medium) and counterselected against (with medium 
containing FOA). 

We utilize this system to verify protein-protein interactions 
implicated in the transcriptional regulation of human genes. 
Previously, it has been demonstrated that human TATA-binding 
protein 1 (hTBP1) interacts with the C-terminal activation 
domain (amino acids 305—551) of nuclear factor xB (NF-xB), 
known as p65C, in vitro [12], and that co-transfection of hTBP1 
with NF-«xB:augments transcription [13]. In S. cerevisiae it has 
recently been demonstrated that the occupancy of TBP on the 
TATA-box is increased in response to transcriptional activators 
[14,15]. Even though the presence of other factors, like tran- 
scription factor IIB, on active promoters is increased as well, the 
binding of TBP to the TATA-box is considered to be a crucial 


Abbreviations used C,,, C-terminal half of ubiquitin, DMEM, Dulbecco’s modified Eagle's medium, FCS, fetal calf serum, FOA, 5-fluoroorotic acid, 
gpt2, guanine phosphoryltransferase 2, HA, haemagglutinin, HAT, hypoxanthine/aminoptenn/thymidine, hHP1a, human heterochromatin protein 1a, 
HPRT, hypoxanthine-guanine phosphonbosyltransferase, hSP100B, Homo saprens nuclear autoantigen 100B; hTBP1, human TATA-binding protein 
1, Nœ N-terminal half of ubiquitin, NF-«8, nuclear factor xB, p65C, C-terminal activation domain of NF-«B, 6TG, 6-thioguanine, UBPs, ubiquitin- 


specific proteases, ura3, orotidine-5’-phosphate decarboxylase 
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step for transcriptional activation, and direct binding of TBP to 
activation domains could explain transcriptional activation by a 
simple recruitment model [16]. 

Likewise, it has been shown that Homo sapiens nuclear 
autoantigen (hSP100B), a splice variant of the nuclear dot 
protein. hSP100A, binds to the repressing non-histone chro- 
mosomal protein, human heterochromatin protein la (hHPla), 
in vitro [17]. hHPlao, in the context of the Gal4 DNA-binding 
domain, has also been demonstrated to repress transcription of 
a promoter containing Gal4-DNA binding sites in mammalian 
cells, and its ability to repress depends on DNA. binding [17]. 
This result suggests that the interaction between hSP100B and 
hHPla may be functionally relevant to the ability of hHPla to 
repress transcription. 

In the present study we have developed a split-ubiquitin 
system that allows for the selection of protein interactions inside 
the living human cell. Using this system we demonstrate for the 
first time in vivo two previously cbaracterized interactions, one 
between hTBP1 and human NF-«B and the other between 
hSP100B and hHPla. 


MATERIALS AND METHODS 


Standard protocols [18] were used for all procedures, unless 
otherwise indicated. 


Cell lines and Escherichia coli strains 


The human fibroblast cell line HT1080HPRT-, which is deficient 
in the enzyme for hypoxanthine-guanine phosphoribosyltrans- 
ferase (HPRT) was obtained from Sandra Pellegrini (Department 
of Immunology, Institut Pasteur, Paris, France) [19]. Stable cell 
lines were made by lipofectamine transfections (Life Tech- 
nologies, Eggenstein-Leopoldshafen, Germany) according to the 
manufacturer's protocol. Cell lines containing the C,, fusion 
vectors were selected for by resistance to zeocin (Invitrogen, 
Leek, The Netherlands), while those containing the N,, fusion 
vectors were selected for by resistance to G418 (PAA Labora- 
tories, Cólbe, Germany). 


Plasmids 


The N,,, fusion vector was created by inserting a HindlIII/ EcoRI- 
restricted PCR fragment containing N,, into pcDNA3 (In- 
vitrogen), and the C,, fusion vector was created by placing a 
Xhol/ Apal-cut PCR fragment containing a fusion of C,, with 
guanine phosphoryltransferase 2 (gpt2), modified to begin with an 
arginine residue, into. pcDNA3+zeocin (Invitrogen). PCR 
fragments containing the cDNAs of hTBP1 and p65C were cut 
with XhoI /Xbal and EcoRI/ Xhol, respectively, and inserted into 
the two vectors to create the N,,-hTBP1 and p65C-C,,—Rgpt2 
fusions. Likewise, cDNAs of hHPla and hSP100B, generated 
via PCR and cut with EcoRI/Sall, were subcloned into the 
same vectors to create the respective N,,-hHPl1a and hSP100B- 
C,,-Rgpt2 fusions. The following primers were used: N,,, 5’- 
GCCAAGCTTATGCAGATTTTCGTCAAGAC-3' and 5’-G- 
GCGAATTCAGCGTAATCTGGAACATC-3’; C, Rgpt2, 5'- 
GCCCTCGAGCGGTATCCCCTCCAGATCAA-3' and 5'-G- 
CCGGGCCCTTAGCGACCGGAGATT-3'; hTBPI, 5'-GGC- 
CTCGAGTATGGATCAGAACAACAGCCT-3 and 5'-GG- 
CTCTAGATTACGTCTICCTGAATC-3; p65C, 5'-GCCG- 
AATTCATGGTGACATATGAGACCTTCA-3’ and 5'-CTC- 
GAGCTGATCTGACTCAGCAGGGC-3; hHPla, 5'-GCC- 
GAATTCATGGGAAAGAAAACCAAGCOG-3. and 5'-GCC- 
GTCGACGCGCTCTTTGCTGTTICTTTCTC-3'; hSPI00B, 
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5'-GCCGAATTCATGGCAGGTGGGGGCGGCGAA-3' and 
5’-GGCGTCGACTTTTCCAAAGTAGAATTGTTTT-3’. 


Selections 


HT1080HPRT' cells were grown ın Dulbecco’s modified Eagle’s 
medium (DMEM), supplemented with 10% (v/v) fetal calf 
serum (FCS). Zeocin (80 mg/l) was added to select for the C, 
fusions and G418 (400 mg/l) was added to select for the 
N» fusions. Single colonies were picked and several stable 
cell lines were analysed for each construct. Hypoxanthine/ 
aminopterin/thymidine (HAT) medium was made according to 
the manufacturer’s protocol (Roche, Mannheim, Germany), 
as well as 6-thioguanine (6TG) medium (15 mg/l) (Sigma, 
Deisenhofen, Germany). 


Western-blots 


Proteins were separated by SDS/PAGE and transferred to 
nitrocellulose membranes (Sartorius, Gottingen, Germany) 
by semi-dry blotting (Pharmacia, Freiburg, Germany). The 
membranes were probed with anti-haemagglutinin (HA) 
antibody (BabCO, Freiburg, Germany). Secondary horseradish 
peroxidase-coupled anti-mouse antibody (Bio-Rad, München, 
Germany) was used to detect the proteins with the help of the 
ECL' system (Amersham International, Braunschweig, 
Germany). 


RESULTS 


The split-ubiquitin assay was originally developed for S. cere- 
visiae, utilizing the ura3 gene for selection (absence of uracil) and 
counterselection (presence of FOA) of protein interactions inside 
the living cell. The readout in this assay configuration is based on 
proteolytic degradation and not on transcription; therefore, it 
can be used to analyse transcription factors, among others. In 
order to adapt this elegant system for mammalian cells we used 
the human fibroblast cell line HT1080HPRT- [19]. This cell line 
is deficient in the enzyme for HPRT, and thus is sensitive to 
medium containing HAT, but 1s resistant to medium containing 
6TG. This deficiency can be complemented with the E. coli gene 
for gpt2. In order to test if Rgpt2 was a substrate of the N-end 
rule, we produced two stable cell lines: one expressing gpt2 as a 
fusion to the full-length ubiquitin with a glycine in position 1 
after cleavage and one with an arginine in this position. Both 
fusions containing full-length ubiquitin were rapidly cleaved into 
ubiquitin and the corresponding gpt2 protein by the UBPs. If 
Rgpt2 was a good substrate for the N-end rule in mammalian 
cells, the HT1080HPRT- cells carrying ubiquitin-Rgpt2 should 
have been HAT-sensitive and 6TG-resistant, whereas the cells 


Table 1 Agpt2 is rapidly degraded in buman fibroblast cells 


The parental cell ine HTfOSOHPRT" is sensitiva to zeocin and HAT but resistant to 6TG A 
stable cell line, created with the help of the zeocin marker, that expresses a fuston of ubiquitin 
to gpt2 with a glycine in position t (ublquitin—Ggpt2) is resistant to zeocin and HAT but 
sensitive to 6TG f the glycine is replaced by an arginine (ubiqurtin—Rgpt2) tha call line 
becomes resistant to zeocin and 6TG but sensitive to HAT 


HT1080HPRT~ zPOCIn HAT 61G 

— sensitive sensitive resistant 
+ ubiquitin--Ggpt2 resistant resistant sensitive 
+ ubiquitin--Rgpt2 resistant Sensitive resistant 
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Aguro 1 Schematic representation of the mammalian spiit-abiaultin assay 


(a) An HT1080HPRT- cell line expressing p65C—C,—Rgpt2 is HAT-resistant (HAT?) and 6TG- 
sensitive (61G*) (b and ¢) If N ,-hTBP1 is co-expressed, hTBP1 and p65C bind each other 
inside tha living call As a result of this, ubiquitin is reconstituted and the p65C-C,,—Rgpt2 
fusion protein is cleaved behind C, (d) The cleavage product Agpte is subject to rapid 
degradation by the enzymes of the N-end rule, leading to HAT-sensitivity and 6TG- 
resistance 


carrying ubiquitin-Ggpt2 should have been HAT-resistant and 
GTG-sensitive. As shown in Table 1 this prediction was confirmed. 
This demonstrated that the fusion protein was cleaved and that 
the cleavage product with the glycine was stable whereas the 
cleavage product with the arginine was degraded, following the 
N-end rule. 

Next, we split ubiquitin ın half and fused N,, to hTBPI, 
and C,, to the activation domain of human NF-«B, p65C, and 
Rgpt2. A cell line expressing p65C-C,,-Rgpt2Z alone should be 
HAT-resistant and 6TG-sensitive (Figure la). If hTBP1 and 
p65C interact in vivo, co-expression of N,,-hTBP1 should lead to 
a reversal of the phenotype, for hTBPI should bind the activation 
domain of NF-«B, which brings N,, and C» in close contact 
(Figure 1b). The reconstituted ubiquitin will be recognized by the 
UBPs and Rgpt2 will subsequently be released from C,, (Figure 
1c). As a consequence, Rgpt2 will be rapidly degraded, and the 
cell will become HAT-sensitive and 6TG-resistant (Figure 1d). A 
stable cell line expressing the p65C-C,,-Rgpt2 fusion was made 
by selecting the cells in zeocin, whose resistance marker was also 
present on the plasmid encoding the p65C fusion protein. This 
cell line was HAT-resistant and 6TG-sensitive, demonstrating 
that the fusion protein was enzymically active. Three independent 
stable cell lines were made from this one, co-expressing N,, alone 


by selecting for the neomycin marker present on the N,,- 
expression plasmid. In all cases, the cell lines were still HAT- 
resistant and 6TG-sensitive (Figure 2, first column). However, 
when three independent stable cell lines were made co-expressing 
an N,,-hTBPl fusion with p65C-C,,—Regpt2, all cell lines became 
HAT-sensitive and 6TG-resistant (Figure 2, second column), 
demonstrating that hTBP1 interacts with p65C inside the living 
human cell. 

We also utilized this system to verify the interaction between 
hSP100B and hHP1a inside the living cell [17,20]. In this instance, 
hHPla was fused to N,,, while hSP100B was fused to C, , -Rgpt2. 
Consistent with the im vitro interaction previously observed 
between hSP100B and hHPlIa [17], co-expression of these fusion 
proteins in our HT1080HPRT cell line resulted in a HAT- 
sensitive and 6TG-resistant phenotype (Figure 3). In conclusion, 
this result shows that these proteins associate with each other 
in vivo. 

A Western-blot was performed with cell lines, expressing 
p65C-C,,—Rgpt2 together with N,, or with N,,-bTBPIl, grown 
in nonselective medium (Figure 4). Epitopes for the HA tag were 
present in all of the fusion proteins. The p65C-C,,—Rgpt2 band 
was readily detected when N,, was present (lane 2). On the other 
hand, of the two cell lines co-expressing N,,—hTBP1 tested, both 
Showed a reduction of this band, indicative of Rgpt2 protein 
degradation (lanes 3 and 4). For cell line number 2, which 
showed good expression of N,,-bhTBPI, the p65C-C,, -Rgpt2 
band was no longer detectable. For cell line number 1, where the 
N,,-hTBP1 expression was barely visible, the p65C-C,, -Rgpt2 
band was reduced but still detectable. Therefore the amount of 
N,,-hIBPl protein produced by the cell lines correlated with the 
degree of reduction of the p65C-C,,-Rgpt2 band. In conclusion, 
our results show that the Western-blot represents an independent 
method by which one can confirm protein interactions in vivo. 


DISCUSSION 


In the present study, we have successfully adapted the split- 
ubiquitin system for mammalian cells. We have used this assay to 
demonstrate that certain protein-protein interactions (between 
hTBP1 and NF-«B and between hSP100B and hHP1a) previously 
characterized in vitro also occur inside the living cell. We utilized 
a C,,-Rgpt2 fusion protein and a human fibroblast cell line 
which is HPRT-deficient. A stable cell line expressing a fusion of 
p65C [21] or hSP100B to C,,, followed by Rgpt2, is HAT- 
resistant and 6T G-sensitive. Co-expression of a fusion of hTBPI 
or hHPla, respectively, to N,, results in a cell line that is HAT- 
sensitive and 6TG-resistant. This demonstrates that the system 
can be used to select for and to counterselect against protein 
interactions inside living human cells. The ubiquitin-processing 
machinery seems to be equally distributed in the cytosol of the 
cell [7], including the nucleus [8]; as a consequence, the assay is 
not limited to interactions that can be reconstituted in the 
nucleus of the cell. Also, the readout is based on proteolytic 
stability; hence transcription factors can be analysed [22]. We 
envisage this system being used in the following applications. (1) 
Two human proteins known to interact in vitro can be tested for 
interaction inside living human cells, as shown in the present 
study. (2) Libraries expressing altered forms of the proteins can 
be screened for mutants deficient in interaction. We propose to 
mutate the protein fused to C,,-Rgpt2, for the subsequent 
selection would demand a functionally active gpt2 protein; as a 
consequence, mutations leading to stop codons or frame shifts 
would not be selected for. (3) Cells expressing the two proteins of 
interest can be mutated and mutant cell lines, in which the two 
proteins no longer interact, can be selected for in HAT-medium. 
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Figure 2 hTBP1 interacts with p65C in vivo 


eft column: An HT1080HPRT~ cell | 


Since the cell lines are diploid the mutations are likely to be 
dominant and the genes can be cloned from cDNA expression 
libraries made from these mutant cell lines. If the two interacting 
proteins are part of a complex, for example it should be possible 
to clone the other components of the complex by this method. 


Also, the mutant cell lines can be used to analyse the function of 


the proteins of interest. (4) It is possible to perform competition 
screens in mammalian cells. In this scenario a cell line expressing 
the two proteins of interest as N,, and C „ fusions is transformed 
with a library expressing human cDNA s from a strong promoter. 
he cell line is originally HAT-sensitive because of the interaction 
of the two proteins. If a third protein competes with this 
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tight column: HT1080HPRHI cell line co-expressing pbol—t Ropt2 and N.,—h!BP1 
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10% FCS/HAT (second line), or in DMEM/10% FCS/61G 


interaction by binding to one or both proteins, the clone 
expressing this protein can be isolated by its ability to confer 
HAT-resistance to the cell line. (5) It is possible to test the effects 
of drugs on specific protein interactions in human cells. (6) A 
library expressing fusions of N,, to human cDNAs can be 
screened to find new partners for human proteins of interest. 
[ranscriptional regulation of human genes depends on a 
network of protein-protein interactions which occur between 
DNA-binding proteins and components of the transcriptional 
machinery. In the case of transcriptional activators, they regulate 
eukaryotic genes by simultaneously binding to enhancer 
sequences and targeting factors of the RNA polymerase Il 








HT1080HPRT™: 


Figure 3 hSP100B interacts with hHP12 in vivo 
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transcription complex [23]. Direct protein interaction between 
the activating region of the activator and the TBP has been 
proposed as an important step in transcriptional activation [24] 
This proposition was confirmed by studies of activator mutants 
which showed a correlation between the strength of protein 
interactions in vitro and the activation capacity in vivo [25]. Also, 
artificial recruitment by fusing DNA-binding domains to com- 
ponents of the holoenzyme [26] results in transcriptional ac- 
tivation [27,28]. Recently two studies demonstrated that binding 
of TBP to the TATA-box is greatly enhanced upon activator 
binding in S. cerevisiae [14.15]. For human cells, we propose that 
NF-«B binds the NF-«B binding sites present in many promoters, 
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interacts with and thus recruits the TBP to the TATA-box, where 
it is needed to start transcription. 

Likewise, protein-protein interaction has also been suggested 
to play an essential role in transcriptional repression [29]. An 
important class of repressors have also been shown to bind to 
specific promoter elements and concurrently interact with various 
basal transcription factors, activator /coactivator 
proteins and co-repressors) to inhibit transcription. With regards 
to the hSPIO0B-hHP Iz interaction, previous studies have sug- 
gested that this interaction may be relevant in the abilitv ol 
hHPIx to repress transcription when tethered to DNA in human 
cells [17]. Other nuclear bodies, such as promyelocytic leukaemia 
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Figure 4  Western-blot confirming the in vivo interaction between p65C 
and hTBP1 


Stable ceil lines expressing the indicated fusions were grown in nonselective medium to show 
that the expression of the bands were observed in ali contro! and experimental cell lines under 
identical conditions. The appearance of the N,,—-hTBP1 band correlates with the disappearance 
of the p65C—C,,-Rgpt2 band. The protein band directly below that of N,,-hTBP1 is a non- 
specific band cross-reacting with the anti-HA antibody. The Western-blot for the hSP100B- 
hHP1a interaction is not shown, because hSPTOOB--C.., —Rgpt2 was barely detectable with the 
anti-HA antibody. #1, cell line number 1; #2, cell line number 2. 


protein PML") and hSP100A, a splice variant of hSP1OOB, 
have been demonstrated to be upregulated in the presence of 
interferons, which are important growth and tumour-suppressive 
cytokines [30,31]. It is tempting to speculate that the interaction 
between hSP100B and hHPl1a« may be important in maintaining 
the physical and functional integrity of a transcriptional repressor 
complex. Further research is needed to examine which genes may 
be negatively regulated by this complex. 
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 Activation‘of transforming growth factor-/ (TGF-/) and activin 
‘receptors leads to phosphorylation of Sma- and Mad-related 
_ ‘protein 2 (Smad2) and Smad3, which function as transcription 
‘factors to regulate gene expression. Smad7 is a regulatory protein 
which is able to inhibit TGF- and activin signalling in a 


negative-feedback loop, mediated by a direct regulation by 
Smad3 and Smad4 via a Smad-binding element (SBE) in 
the Smad7 promoter. Interestingly, we found that the Smad7 
promoter was also regulated by nuclear factor xB (NF-xB), a 
transcription factor which plays an important role in inflam- 
mation and the immune response. Expression of NF-«B p65 
subunit was able to inhibit the Smad7 promoter activity, and this 
inhibition could be reversed by co-expression of IxB, an inhibitor 
of NF-«B. In addition, the inhibitory activity of p65 was observed 
in a minimal promoter that contained only the Smad7 SBE and 
a TATA box, without any consensus NF-«B binding site. This 
inhibitory effect appeared to be common to other TGF-f- and 
activin-responsive promoters, since p65 also inhibited the 


forkhead-activin-signal-transducer-2-mediated activation of a 
Xenopus Mix.2 promoter, as well as the Smad3-mediated acti- 
vation of 3TP-lux which contains PMA-responsive elements and 
a plasminogen-activator-inhibitor-1 promoter. Activation of 
endogenous NF-«B by tumour necrosis factor-a (TNF-a) was 
also able to inhibit the Smad7 promoter in human embryonic 
kidney 293 cells. In human hepatoma HepG2 cells, TNF-a was 
able to inhibit TGF-f- and activin-mediated transcriptional 
activation. Furthermore, overexpression of the transcription co- 
activator p300 could abrogate the inhibitory effect of NF-«B on 
the Smad7 promoter. Taken together, these data have indicated 
a novel mode of crosstalk between the' Smad and the NF-«B 
signalling cascades at the transcriptional level by competing for 
a limiting pool of transcription co-activators. 


Key words: activin, p300, signal transduction, Smad7, trans- 
cription factor. 





INTRODUCTION 


Sma- and Mad-related proteins (Smads) are a family of proteins 
which mediate signalling for the transforming growth factor-f 
(I'GF-f) superfamily of cytokines, including TGF-f, activin, 
bone morphogenetic proteins, and many others [1,2]. Structural 
and functional characterization of Smad proteins has allowed 
their categorization into three groups: pathway-specific, common 
mediator and inhibitory. Smads 1—3, 5 and 8 are pathway- 
specific Smads which are phosphorylated by the type I receptors 
of the TGF-f superfamily [1,2]. Upon phosphorylation, the 
pathway-specific Smads form hetero-oligomeric complexes with 
Smad4, the common mediator Smad. These complexes then 
migrate to the nucleus, and regulate gene transcription through 
either direct DNA binding, via the MH1 domain of the Smad 
proteins, or association with other specific transcription factors, 
such as Xenopus FAST-1 (forkhead activin signal transducer-1) 
or mouse FAST-2 [3-6]. The MH2 domain of Smad proteins 
contains a transactivating activity that is mediated by interaction 
with two closely related proteins, CREB-binding protein (CBP) 
and p300, which function as transcriptional co-activators that 
link specific transcription factors with the basal transcriptional 
machinery [7-9]. On the other hand, Smad6 and Smad7 constitute 
the third group of Smads, the inhibitory Smads. These two 


proteins inhibit TGF-Z, activin and bone-morphogenetic-protein 
signalling by interacting with the type I receptors of the TGF-f 
superfamily, or competing for the complex formation between 
pathway-specific Smads and Smad4 [1,2]. 

Nuclear factor xB (NF-«B) is a transcription factor which 
controls expression of a wide range of genes [10,11]. It is mainly 
involved in cellular functions in immunological and inflammatory 
responses, as well as control of cell growth and apoptosis. For 
example, NF-«B is involved in the cellular response initiated by 
different proinflammatory cytokines, including interleukins and 
tumour necrosis factor-a (TNF-«) [12]. In mammalian cells, NF- 
«B exists in the cytoplasm as a homodimer or heterodimer 
composed of variable subunits: p50, p52, p65(RelA), c-Rel, and 
RelB; although the major form of NF-«B exists as a heterodimer 
between p50 and p65 [10,11]. Three of these subunits, p65, RelB 
and c-Rel, contain a C-terminal transactivation domain, and all 
five subunits have an N-terminal Rel homology domain, which 
mediates DNA binding, dimerization, and interaction with an 
inhibitor of NF-«B (IxB). The interaction of NF-«B with IxB 
masks a nuclear localization sequence of NF-xB, and this 
interaction sequesters NF-«B in the cytoplasm. Activation of 
NF-«B is initiated when IxB is phosphorylated and degraded in 
response to inflammatory cytokines, such as TNF-«, UV radi- 
ation, viral infection, potent oxidants, or other substances [10,11]. 


Abbreviation used’ CA-ALK, constitutively active actvin-receptorJike kinase; CBP, CREB-binding protein, CMV, cytomegalovirus, FAST, forkhead 
activin signal transducer, HEK-293 cells, human embryonic kidney 293 cells; NF-«B, nuclear factor «B, iB, inhibitor of NF-«B, SBE, Smad binding 
element, Smad, Sma- and Mad-related protein; TGF-f, transforming growth factor-8, TNF-a, tumour necrosis factor-« 
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These stimuli release NF-«B and enable it to translocate 1nto the 
nucleus, where it regulates transcription of target genes. Similar 
to other transcription factors including Smads, the trans- 
activating activity of NF-«B is mediated by an interaction with 
the common transcription co-activators CBP and p300 which 
contain an intrinsic acetyltransferase activity [13-15]. Upon 
activation by associating with other DNA-binding transcription 
factors, CBP/p300 bridge those transcription factors to the basic 
transcription apparatus, alter the conformation of the chromatin, 
and initiate stimulation of transcription. 

The TGF-g and NF-«B signalling pathways may crosstalk with 
each other. For example, TNF-a and TGF-1 can synergistically 
enhance expression of type VII collagen gene that forms part of 
the extracellular matrix [16]. On the other hand, treatment 
of B-cell lymphomas with TGF-/1 can antagonize the activity of 
NF-«B by elevating IxB transcription, leading to accelerated 
apoptosis by attenuating the NF-«B-mediated repression of c- 
myc transcription [17]. Conversely, NF-«B can block TGF-£I- 
induced apoptosis of hepatocytes [18]. These observations in- 
dicate that there exists an intrinsic interaction between these two 
signalling pathways that might be dependent on the cellular 
context, as well as the nature of gene expression. 

We recently reported characterization of the mouse Smad7 
promoter [19]. We have found that Smad7 transcription is 
regulated by TGF-£ signalling through direct binding of Smad3 
and Smad4 with a Smad-binding element (SBE) present in Smad7 
promoter [19]. This observation, in conjunction with recent 
studies demonstrating an upregulation of Smad7 mRNA upon 
TGF- or activin treatment in the cells [20,21], suggests that 
Smad7 participates in a negative-feedback loop which regulates 
the length and intensity of the TGF- and activin signalling. 
Using the Smad7 promoter and other TGF-f-responsive 
promoters as model systems, we investigated the functional 
interaction between TGF-f and NF-«B signalling pathways at 
the molecular level, and unveiled a novel crosstalk between them 
at the transcriptional level. 


MATERIALS AND METHODS 
Cell culture and cell transfection 


The human embryonic kidney 293 cells (HEK-293 cells) and the 
human hepatoma HepG2 cells were cultured in Dulbecco's 
modified Eagle's medium, containing 10% fetal bovine serum 
supplemented with penicilin and streptomycin. Transient cell 
transfection was performed by calcium phosphate method for 
HEK-293 cells, and DEAE-dextran method for human hepatoma 
HepG2 cells [19]. 


Plasmids 


The rat Smad3, the constitutively active activin-receptor-like 
kinase TGF-f type I receptors (CA-ALK-5), the mouse FAST- 
2, and the Smad7 promoter constructs have been described 
previously by us [6,19]. To generate the minimal Smad7 promoter 
containing the SBE of the Smad7 promoter, an EIB TATA box 
(5’-TATATAAT-3’) in adenovirus type 5 [22] was first engineered 
into the pGL2-basic vector (Promega). Subsequently, two tandem 
repeats of the SBE (5'-TCGACAGGGTGTCTAGACGGCC- 
ACG-3’) of the Smad7 promoter were subcloned immediately 5’ 
to the TATA box. The human NF-«B p65 subunit, p50 subunit, 
and I«B have been described previously [23,24] The promoter 
construct containing three tandem repeats of HIV NF-«B binding 
sites (NF-«B3-luc) has been described previously [25,26]. The 
Mix.2 AR3-lux containing three tandem repeats of activin- 
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responsive elements has been described in [6,27]. The 3TP-lux 
promoter reporter containing three repeats of PMA-responsive 
elements and a portion of plasmmogen activator inhibitor-l 
promoter was onginally described by Wrana et al. [28]. 


Promoter assay 


For the promoter assay, about 5 x 10* cells per well in six-well 
plates were transfected with different combinations of plasmid 
DNA. An empty vector pcDNA3 (Invitrogen) was used to make 
up to 5 4g of total DNA for each transfection. The p cyto- 
megalovirus (pCMV-f-galactosidase plasmid was co-transfected 
with other plasmids as an 1nternal control for the transfection 
efficiency The cells were harvested at 48 h after transfection by 
lysis with 400 ul of Nonidet P40 lysis buffer [29]. In TNF-a- 
treated-groups, cells were treated with TNF-a (2 or 20 ng/ml) for 
16 h before harvest. A 20 ul aliquot of the lysate was used in the 
f-galactosidase assay as reported previously [30], and 10yl of 
the lysate was used in the luciferase assay with a Promega 
luciferase assay kit, and counted for 10 s in a FB12 luminometer 
(Zylux) with the data represented as the relative light unit per 
second. 


RESULTS AND DISCUSSION 
Inhibition of Smad7 promoter by NF-«B 


Our initial characterization with the mouse Smad7 promoter 
indicated the presence of a putative NF-«B regulatory site at the 
position of +34bp to -- 41bp, relative to the major transcription 
initiation site [19]. To determine whether NF-«B indeed played a 
role 1n regulating the transcription of the Smad7 gene, we tested 
the effect of expression of NF-«B p65 subunit on the Smad7 
promoter activity. We used three different promoter constructs 
containing different lengths of the Smad7 promoter fused to a 
luciferase reporter gene [19]. When transfected into HEK-293 
cells, all three promoter constructs gave rise to a high level of 
basal transactivating activity. As shown in Figure 1(A), the 
largest reporter construct, spanning —2.2 kb to +112 bp of 
the Smad7 promoter, exhibited the highest level of basal promoter 
activity. The second (—408 to +112 bp) and the third (— 408 
to —124 bp) promoters showed a little lower basal activity. 
Interestingly, co-expression of p65 with each of these reporters 
greatly reduced the basal transcription of the Smad7 promoter. 
In p65 co-transfected cells, the basal luciferase activity was 
reduced to approx. 10-15% of the control level for all three 
Smad7 promoter constructs. This finding was somewhat un- 
expected, because the putative NF-«B binding site in the Smad7 
promoter was not covered by the third reporter that spans 
—408 bp to —124 bp of the promoter. Therefore these data not 
only indicated that NF-«B was able to inhibit the basal Smad7 
transcription, but also suggested that this inhibition was unlikely 
to be caused by the interaction of NF-«B with the putative NF- 
KB consensus site in the region of +34 bp to +41 bp. 

In mammalian cells, the predominant form of NF-«B is 
composed of a heterodimer of p65 and p50 [10,11]. When p50 
alone was transfected in HEK-293 cells, it had no effect on the 
basal transcription of Smad7 promoter (results not shown). 
However, co-expression of p50 with p65 gave the similar level of 
inhibition as p65 expression alone (Figure 1B). Because p65, but 
not p50, contains the transactivating domain in the NF-«B 
family of transcription factors, this finding suggested that the 
inhibitory effect might be linked to the presence of the trans- 
activating activity of NF-«xB. In order to further test if the 
inhibitory effect of NF-«B p65 on Smad7 promoter was specific, 
we determined whether or not IxB was able to reverse the p65 
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Figure 1 Repression of Smad7 promoter by NF-xB 


(A) Effect of NF-«B p65 on different lengths of Smad7 promoter HEK-293 cells were transiently 
transfected with Smad7 promoter constructs (05 ug), pCMV- -gal (0.5 ug) and p65 (2 4g) 
as indicated The absolute change of luciferase activity is shown as means ES D (B) Ix8 
reverses the repression effect of p65 HEK-293 celis were transiently transfected with Smad7 
promoter — 408 to — 124 construct (0 5 ug), pCMV-f-gal (0 5 g), p50 (1 jag), p65 (1 ug) 
and [xB (2 4g) as indicated The change of luciferase activity shown as means-+SD was 
derived by companng to the value of the vector-transfected cells and normalized by £- 
galactosidase activity 


effect. IxB is a specific inhibitor of NF-«B through masking of 
the nuclear translocation site of NF-«B. When IxB was co- 
expressed with p65, or p65 plus p50, it was able to completely 
abrogate the inhibitory effect of NF-«B on the Smad7 promoter. 
These data, therefore, provided further evidence that the in- 
hibitory effect that we observed with Smad7- promoter was 
specifically caused by p65. 





Figure 2 Effect of p65 on multiple TGF-f-responsive promoters 


(A) Repression of the SBE of the Smad7 promoter by p65 HEK-293 calls were transiently 
transfected with pCMV-#-gal (05 xg), a control promoter containing only the TATA-box 
(05 49g), a promoter containing two tandem repeats of the SBE and one TATA-box (0 5 ug), 
p65 (1 ug), xB (2 ug), Smad3 (1 ug), and the constitutively active ALK-5 (1 eg) as Indicated 
The fold change of luciferase activity as compared to the vector-transfected cells (set to 1) rs 
shown as means -+S D after being normalized by A-galactosidase activity (B) p65 inhibited 
transcription of other TGF-f-responsive promoters, A similar experiment as above was 
performed by transfecbon with AR3-lux (05 4g), 3TP-lux (05 ug) or the HIV NF-«B3-luc 
reporter (0.5 49) instead The mouse FAST-2 (1 ug) was cotransfected with AR34ux. 


NF-«B represses the SBE of the Smad7 promoter 


As we have shown before, Smad7 promoter contains a consensus 
SBE that is able to associate with Smad3 and Smad4. To further 
determine the regulatory role of NF-xB on the Smad7 promoter, 
we generated a luciferase reporter‘that contained two tandem 
repeats of this SBE and an E1B TATA box [22]. When the 
control reporter only containing the TATA-box and the SBE- 
containing reporter were transfected into HEK-293 cells, both of 
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them gave rise to a very low basal transactivation, as compared 
with the longer Smad7 promoter constructs used in Figure 1. 
However, expression of either CA-ALK-5 or Smad3 was able to 
significantly stimulate the SBE-containing reporter, but not the 
TATA-only reporter (Figure 2A) These data provided further 
evidence that the regulatory function of TGF-f and activin 
signalling through Smad proteins on Smad7 transcription was 
mediated by this particular SBE present in the Smad7 promoter 

We next determined the effect of p65 on this shorter form of 
Smad7 promoter. When p65 was co-transfected with the SBE- 
containing reporter, it could completely reverse the stumulatory 
effect of either CA-ALK-5 or Smad3 on the reporter (Figure 2A). 
These data indicated that the inhibitory activity of p65 could 
overcome the stimulatory effect of CA-ALK-5 or Smad3 on the 
SBE of the Smad7 promoter. In addition, we also found that I«B 
was able to reverse the p65 effect, further indicating that the 
inhibitory effect of NF-«B on the SBE was mediated by p65. It 
is noteworthy that I«B appeared to augment the stimulatory 
effect of CA-ALKS or Smad3 on the SBE transcription. This 
might be caused by the possibility that the overexpressed IxB was 
able to inhibit endogenous p65 and therefore relieve the basal 
inhibitory effect of the endogenous p65 on the Smad-mediated 
transcription. 


NF-«B was able to inhibit other TGF-f-regulated promoters 


Our experiments so far have indicated that NF-«B plays a unique 
regulatory role on the Smad7 promoter. Is this regulatory 
function only specific for Smad7 promoter, or common to other 
promoters that are regulated by TGF-f signalling? To address 
this issue, we tested two other promoters regulated by TGF-f 
and activin signalling. AR3-lux 1s a luciferase reporter that 
contains three tandem repeats of the activin-responsive elements 
which are regulated by the FAST group of transcription factors 
when complexed with Smad proteins following activation of 
TGF- or activin signalling [3,31]. Previous studies, as well as 
our own observations, have indicated that a mouse FAST 
homologue, FAST-2, was able to stimulate AR3-lux following 
activation of TGF-f or activin signalling [5,6]. 3TP-lux is another 
reporter that has been commonly used as an indicator of TGF- 
f or activin signalling. This reporter contains three tandem 
repeats of PMA-responsive elements fused with the promoter of 
plasminogen activator inhibitor-1 [28]. Numerous studies have 
indicated that 3TP-lux could be activated by TGF- or activin 
signalling, possibly through binding of Smad proteins with a 
CAGA motif in the plasminogen activator inhibitor-1 promoter 
[32], or interaction of Smads with activator protein-1 that binds 
PMA-responsive elements [33]. As shown in Figure 2(B), ex- 
pression of Smad3 in HEK-293 cells was able to stimulate AR3- 
lux in the presence of the mouse FAST-2. Similarly, Smad3 was 
also able to elevate the transcription of 3TP-lux. However, the 
stimulatory effect of Smad3 on both of these promoters was 
largely abrogated by co-expression of p65. These data clearly 
indicated that p65 has an inhibitory effect on different types of 
promoters that are regulated by TGF- or activin signalling. To 
prove that p65 was indeed functionally expressed in our ex- 
perimental system, we tested the effect of p65 on another reporter 
construct that contains three tandem repeats of NF-«B binding 
element present in the long terminal repeat of the HIV genome 
[25,34]. As shown in Figure 2(B), p65 was able to strongly 
stimulate this promoter, indicating that p65 was indeed expressed 
and functioning in these cells. Interestingly, Smad3 expression 
appeared to further augment the stimulatory effect of p65 on this 
promoter. This 1s consistent with a recent report demonstrating 
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that TGF- is able to sumulate HIV enhancer through the NF- 
«xB binding element [35]. 


Inhihition of TGF-/7-medlated transcription by TNF-« 


NF-«B is mainly involved in cellular response to inflammatory 
and immunological stimuli. One of the prototypic pathways 1n 
which NF-«B plays a pivotal role is TNF-a signalling [12]. 
Activation of TNF receptors by TNF-a is followed by activation 
of a whole array of signalling pathways, including activation of 
NF-«B through phosphorylation and degradation of IxB. To see 
if the regulatory role of NF-«B we observed here is of any 
biological significance, we determined whether endogenous NF- 
KB could mimic the inhibitory effect of ectopically expressed p65 
following TNF-« treatment. To test this possibility, we expressed 
Smad3 in HEK-293 cells, followed by treatment with different 
amounts of TNF-a. We observed that TNF-a treatment could 
significantly inhibit Smad3-induced stimulation of the Smad7 
SBE reporter in a dose-dependent manner, and that this effect 
could be reversed with IxB expression (Figure 3A). HEK-293 
cells do express TNF-a receptors, and this TNF-a effect was 
presumably due to the activation of endogenous NF-«B, since 
this repression could be reversed by IxB. Taken together, these 
results indicated that activation of endogenous NF-«B by bio- 
logical stimuli may impose an inhibitory effect on the TGF- 
f/activin-responsive Smad7 promoter in HEK-293 cells. It is 
interesting to note here that the inhibitory effect of TNF-« on 
Smad3 activation of the Smad7 promoter was unlikely due to an 
inhibition of the Smad3 expression by p65. Western-blotting 
analysis showed that the Smad3 protein level was higher in the 
cells when it was co-expressed with p65 than in cells which were 
transfected with Smad3 alone (results not shown). This was 
probably due to the presence of the NF-«B binding site in the 
CMV promoter that drove the ectopic expression of Smad3. 

To further delineate the biological significance of our ob- 
servation that p65 was able to inhibit TGF-f-mediated tran- 
scription, we examined the effect of TNF-a treatment on TGF- 
f- and activin-induced transcription of the AR3-lux reporter 
derived from the Xenopus Mix.2 promoter in human hepatoma 
HepG2 cells. This experiment excluded the use of exogenously 
expressed p65 or Smad proteins in the experimental system. As 
shown in Figure 3(B), TGF-f and activin treatment were able to 
stimulate the AR3-lux transcription by approx. 140- and 20-fold 
respectively. Furthermore, co-treatment with TNF-a was able to 
inhibit the TGF-f- and activin-mediated transactivation. These 
data would indicate that the TNF-a signalling pathway is able to 
inhibit the transactivating activity of endogenous Smad proteins 
following stimulation by TGF-f or activin. 


Overexpression of p300 overcomes the inhibitory effect of p65 


What is the molecular mechanism underlying the inhibitory 
effect of NF-«B on TGF-f/activin-regulated promoters? Our 
findings that p65 could inhibit different types of TGF-f or 
activin-responsive promoters indicted that this effect is unlikely 
due to the binding of p65 with a specific sequence element in 
these promoters, since none of these promoters including the 


. Smad? SBE, the FAST-binding activin-responsive element, and 


the 3TP-lux, contain the consensus NF-«B binding element [36]. 
On the other hand, recent studies have indicated that the MH2 
domain of Smad proteins was able to bind the general tran- 
scription co-activators CBP and p300 at the C-terminal region to 
mediate their transactivating activity [7-9]. Interestingly, NF-«B 
1g also able to bind the N-terminal and C-terminal regions of 
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Figure 3 TNF-« Inbibited TBF-f-mediated transcription 


(A) TNF-a inhibited SBE transcripbon of the Smad?7 promoter. HEK-293 cells were transiently 
transfected with the SBE-contalning Smed7 minima! promoter (0.5 1,9), pCMY-8-gal (0 5 ug), 
Smad3 (1 4g) and «B (2 ug) as Indicated The cells were treated with TNF-a 16 h before the 
luciferase and A-galactosidase assays. The fold change of luciferase activity Is shown as 
means 3- S.D after normaltzaton with a #-galactosidase assay. (B) TNF-œ Inhibited TGF-- and 
activin-mediated transcription of ARS-ux derived from Xenopus Mix.2 promoter. Human 
hepatoma HepG2 cells cells were transfected with AR3-lux (0.5 ug), mouse FAST-2 (1 ug) and 
pCMV-f-gal (05 ug) The cells were treated with TGF-1 (1 ng/mi), actin (10 ng/ml) or 
TNF-a (20 ng/ml) for 16 h before luciferase assay. The fold change of luciferase activity 
normalized by -galactosidase assay is shown as means -+ S D 


CBP/p300 [13-15]. There have been some observations dem- 
onstrating that NF-xB is able to repress the transactivating 
activity of other transcription factors through sequestration of a 
limiting pool of CBP/p300. For example, NF-«B and p53 
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Figure 4 Overexpression of p300 overcame the NF-xB-mediated re- 
prossion 


HEK-293 calls were transiently transfected with the SBE-containing Smad? minimal promoter 
(05 ug), pGMV-/-gal (05 4g), Smad3 (1 ug), p65 (1 ug) and different amounts of CBP or 
p300 as Indicated The foid change of luciferase activity was shown is means SD after 
normalization with 5-galactosidass activity 


signalling pathways mutually repress each other's transactivating 
activity by competing for CBP/p300 [37]. NF-«<B can also repress 
STAT2-mediated HIV transcription through a similar mech- 
anism [38]. 

To test if such a transcriptional sequestration of CBP/p300 
may underlie the inhibitory effect of NF-«B on TGF-/activin- 
or Smad-mediated transcriptional activation, we determined the 
effect of overexpression of CBP or p300 in our experimental 
system. As shown in Figure 4, Smad3 expression was able to 
stimulate the SBE-containing promoter, and the Smad3 effect 
was inhibited by co-expressed p65. Both CBP and p300 were able 
to enhance the stimulation of the promoter by Smad3, consistent 
with previous reports that CBP and p300 are required for the 
transactivating activity of Smad proteins [7-9]. Interestingly, 
expression of p300 was indeed able to abrogate the inhibitory 
effect of p65 on Smad3-activated Smad7 SBE activation in a 
dose-dependent manner. CBP could also reverse part of the 
inhibitory activity of p65, although to a lesser degree. Taken 
together, these data indicated that p65 may inhibit the Smad- 
mediated transcriptional control by competing for a limiting 
pool of CBP/p300. When NF-«B is overexpressed or activated, 
it may preferentially bind CBP or p300 and limit the amount of 
these transcription co-activators available to Smad proteins that 
are activated by TGF-f or activin signalling. 

In conclusion, our results have indicated that the NF-«B- 
mediated repression of gene expression via sequestration of 
the common transcription co-activators may play a role in the 
transcriptional regulation by Smad proteins. However, it is 
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noteworthy that NF-«B may repress or stimulate Smad-mediated 
transcription depending on the promoter configuration. We 
hypothesize that, in Smad-regulated promoters without NF-«B 
binding sites, NF-«B may repress gene expression by seques- 
tration of CBP/p300, as exemplified in the present study. On the 
other hand, 1f the promoters in which Smad-binding element isin 
close proximity with NF-«B binding site, NF-«B may cooperate 
with Smad proteins to transactivate the target genes, as observed 
in the transcriptional regulation of the type VU collagen promoter 
[16]. In certain cell types, TNF-« treatment was able to increase 
the mRNA level of Smad7, leading to inhibition of TGF-£ 
signalling [39]. How Smad7 transcription is modulated by NF- 
«B might be dependent on the cellular context as well as 
the configuration of the Smad7 promoter. TNF-a may inhibit the 
TGF-f-mediated transcription by either an upregulation of 
the inhibitory Smad or a p65-mediated competition for the 
common transcription co-activators. 
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Multidrug-resistance-associated protein (MRP) is a member of 
the ATP-binding cassette (ABC) membrane-transport super- 
family and is responsible for multidrug resistance in cancer cells. 
Distinct from other members of the ABC superfamily, MRP has 
three membrane-spanning domains (MSDs) and the N-terminus 
is located extracellularly. It has been shown that the first MSD 
(MSD1) with an extracellular N-terminus 1s important for MRP 
function. To address what ensures the generation of this struc- 
tural organization of MRP and to understand in general the 
molecular mechanism of membrane folding of polytopic proteins 
with extracellular N-termini, the biogenesis of MSDI in human 
MRPI was examined using an in vitro expression system. 
Surprisingly, the second transmembrane segment (TM2) in 
MSD1 was found to play a critical role in the correct membrane 


translocation and folding of MSD1 in human MRP1. TM2 not 
only plays an essential role to ensure the N-terminus-outside/ 


"C-terminus-inside orientation of TMA with an extracellular N- 


terminus, it can also translocate into membranes post-trans- 
lationally in a signal-recognition particle and ribosome-depen- 
dent manner to provide an additional insurance for correct 
folding of MSD1 in MRP. These findings suggest that TM2 in a 
polytopic membrane protein with an extracellular N-terminus 
may play a critical role in controlling correct membrane trans- 
location and folding of the protein in general. 


Key words: membrane targeting, MRP, ribosome, signal 
sequence, topogenesis. 





INTRODUCTION 


The early steps in biogenesis of membrane proteins closely 
resemble the biogenesis of secretory proteins in the endoplasmic 
reticulum (ER). A signal sequence in membrane proteins, as in 
secretory proteins, is responsible for the membrane targeting to 
the ER whereas topogenic sequences (including the signal se- 


quence) will determine how the protein is folded in the membrane. 


[1]. Membrane targeting and translocation of a nascent mem- 
brane protein also involves many cytoplasmic and translocation- 
machinery proteins on the ER [2]. 

Most polytopic (spanning membranes twice or more) and 
bitopic (spanning membranes once) membrane proteins in 
eukaryotic cells are thought to acquire their final membrane 
orientations during or immediately after synthesis on the ER 
[3—6]. Topogenic sequences involved in signal, signal anchorage 
and stop-transfer activities have been identified in eukaryotic 
polytopic membrane proteins [7-11]. A polytopic topology was 
thought to be generated by a sequential translocation and 
membrane integration of independent topogenic sequences 
[1,6,9,12,13]. However, for polytopic proteins with an extra- 
cellular N-terminus it remains unknown what determines the 
generation of the extracellular location of the N-terminus. 

Multidrug resistance in cancer cells is a major problem in 
successful chemotherapy. One of the known causes for multidrug 
resistance is the elevated expression of plasma-membrane 
proteins that efflux anti-cancer drugs. Two major proteins have 
been found which have a drug-efflux function: P-glycoprotein 
(Pgp) [14,15] and multidrug-resistance-associated protein (MRP) 


[16,17]. Both Pgp and MRP are polytopic membrane proteins 
and belong to the same ATP-binding cassette (ABC) transport 
superfamily [18]. 

The topological folding of Pgp has been mapped and more 
than one topology was found [19-22]. Although it remains 
controversial, the observed alternative topologies may be very 
important for Pgp-mediated drug transport. Recently, the top- 
ology of MRP has also been studied. Surprisingly, MRP was 
found to have three rather than two membrane-spanning domains 
(MSDs) and its N-terminus was found 1n the extracellular space 
[23-25] (see also Figure 1A). This observation is different from 
the prediction and also contradicts the traditional view of two 
MSDs with N-termini located in the cytoplasm for most other 
ABC transporters. This peculiar feature may underlie a unique 
property in MRP-mediated-drug transport. À recent study on the 
functional importance of the additional MSD (or MSD1) showed 
that truncation of the extracellular N-terminus with the first 
transmembrane (TM) segment, TM1, eliminated MRP function 
[26], although more recent studies showed that the loop linking 
MSDI1 and MSD2 was essential for MRP function [27,28]. 

In this study, I determined the biogenesis of MSDI of human 
MRP1 and examined what controls the generation of the 
extracellular N-terminus of MRP in the biogenesis process. I 
found that (i) both TM1 and the second TM segment, TM2, 
had de novo- activity to. initiate signal-recognition-particle 
(SRP)-dependent membrane translocation; (ii) the orientation of 
TM1 was determined by charged amino acids flanking TM1 and 
by the strong N-terminus-inside/C-terminus-outside (N,,-C,,.) 
membrane-translocation activity of TM2; (iii) TM2 could initiate 


Abbreviations used ABC, ATP-binding cassette, MRP, multidrug-resistance-assoctated protein, MSD, membrane-spanning domain, ER, 
endoplasmic reticulum; Pgp, P-glycoprotein, TM, transmembrane, RRL, rabbit reticulocyte lysate, WGE, wheat germ extract, WGR, wheat germ 
ribosome, SRP, signal-recognition particle, RM, microsome membranes, KRM, SRP-stripped RM, NEM, N-ethyimaleimide, NRM, NEM-treated RM, 
PNGase F, peptide N-glycosidase F, N,,-C,4,4,, N-terminus inside/C-terminus outside, Nou-C,,, N-terminus outside/C-terminus inside; CFTR, cystic 


fibrosis transmembrane conductance regulator 
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Figure 1 Translation and topology of MRP-N1R, MRP-N2R, MRP-N3R and MRP-N4R 


(A) Schematic diagram of human MRP topology. The topological structure shown here is from Bakos et al. [23]. CYT, cytoplasm; EXT, extracellular; MEM, membrane. TM segments are denoted 
by open boxes. (B) Schematic diagram of MRP-NTR-MRP-NA4R constructs. TM segments are denoted by numbered boxes. The glycosylation reporter is shown as a black ellipse. The potential 
glycosylation sites are indicated by branched symbols. The amino acid sequence of the fusion site is shown with the glycosylation reporter sequence underlined. (C) Predicted membrane orientation 
of MRP-NTR-MRP-N4R proteins. Glycosylations are indicated by branched symbols. Note the membrane orientation and glycosylation status of the glycosylation reporter in each construct. (D) 
Fluorography of truncated MRP translation products. Translations were performed in RRL in the absence (lanes 1, 3, 5 and 7) or presence (lanes 2, 4, 6 and 8) of RM. The number of asterisks 
denotes the number of oligosaccharide chains attached to the protein product. (E) Endoglycosidase PNGase F (PNG) treatment of truncated MRP translation products. Transiation products produced 
in the presence of RM were treated by PNGase F (lanes 2, 4, 6 and 8). Samples in lanes 1, 3, 5 and 7 are control reactions without PNGase F. «— and * indicate deglycosylated and glycosylated 
proteins respectively. (F) Proteinase K digestion of truncated MRP translation products. Translation products generated in the presence of RM were treated by proteinase K in the absence (lanes 
1, 2, 4, 5, 7, 8, 10 and 11) or presence of Triton X-100 (TX-100; lanes 3, 6, 9 and 12). Samples in lanes 2, 5, 8 and 11 were further treated with PNGase F. 


post-translational membrane translocation to ensure correct 
membrane folding of MSDI; (iv) the membrane translocation 
of TM2, TM3 and TMé4 appeared to follow the sequential 
membrane-translocation model independent of TMI; and (v) 
truncation of the extracellular N-terminal sequence including 
TMI did not affect the membrane translocation and folding of 
MSDI. 


EXPERIMENTAL PROCEDURES 
Materials 


Human MRPI cDNA [29] was obtained from Dr Piet Borst 
(Netherlands Cancer Institute, Amsterdam, The Netherlands). 
pGEM-4z plasmid, SP6 RNA polymerase, RNasin, ribo- 
nucleotides, ROI DNase, rabbit reticulocyte lysate (RRL) and 
pGEM-T Easy vector were obtained from Promega. Dog pan- 
creatic microsomal membranes were prepared as described 
previously [30]. [^S]Methionine and Amplify were purchased 
from New England Nuclear and Amersham, respectively. 
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m'G(5)ppp(5)G cap analogue (diguanosine triphosphate) was 
obtained from Pharmacia. Peptide N-glycosidase F (PNGase F) 
and restriction enzymes were obtained from Boehringer 
Mannheim, New England Biolabs or Promega. All other 
chemicals were obtained from Sigma or Fisher Scientific. 


Construction of human MRP1 cDNA with a glycosylation reporter 
gene and site-directed mutagenesis 


PCR was used to engineer fusion constructs and mutations as 
described previously [31]. Briefly, cDNAs encoding TMI, TMI- 
TM2, TMI-TM3 and TMI-TMA of human MRPI were ampli- 
fied by PCR using a sense primer 5-GTCGTGATGGCGC- 
TCCGGGO:-3 (for all constructs), and antisense primers 5- 
CTTCAAGATCTGTTTGTTGAGAGG-3 (for TM1), 5-CTT- 
CAAGATCTGGCCCCGACTTCT-3 (for TMI-TM2) $- 
CTTCAAGATCTGTCCCTTCCTCCT-3 (for TMI-TM3), 


and S-CTTCAAGATCTGAAACAGGTCCAC-3' (for TMI- 


1M4) The sense primer contained a Kozak initiation codon 
ATG (underlined) and antisense primers contained a Belli 





digestion sequence AGATCT (underlined). The PCR products 
were cloned into pGEM-T Easy vectors. The cDNA inserts in 
pGEM-T Easy vectors were then released by EcoRI and Belli 
digestion and ligated into an EcoRI/ BgllI-linearized pGEM 4z 
vector containing a glycosylation reporter gene. The glycosyl- 
ation reporter was derived from an ATP-binding domain of Pgp 
and has been used successfully in our previous studies [32-35]. 
These fusion DNA constructs were named MRP-NIR, MRP- 
N2R, MRP-N3R and MRP-N4R, respectively. 

Truncations at the N-terminus of MRPI were engineered 
using MRP-NIR, MRP-N2R and MRP-N3R DNA as templates 
for PCR. To remove the N-terminal sequence, a sense primer, 5’- 
GAATACGAATTCGTCGTGATGTGGAATGTCACGTGG- 
3’ (MRPTNE) or S-GAATACGAATTCGTCGTGATGCGA- 
GGCTACATTCAG-3' (MRPTTML6), and a T7 vector primer 
were used. Both MRPTNE and MRPTTMI primers contained 
an EcoRI site (GAATTC) and a translation-initiation codon 
(ATG; both underlined). The PCR products were digested with 
EcoRI and Hindi and cloned into an EcoRI/ HindlII-linearized 
pGEM-4z vector. The truncated DNA constructs were named 
MRP-NIANE, MRP-N2ANE, MRP-N2ANTMI] and MRP- 
N3ANTMI. 

To mutate Asp, Asp and Asp” to Arg, an antisense 
oligonucleotide containing these mutations 5'-GACATTCCA- 
GCGCCAGAGCGGGCGGGAGCCCCGGGCGCTGCA-3' 
(MRPN,,) was synthesized. The three codons underlined are 
the mutated sequences. The first PCR reaction was performed 
using MRPN,,, and SP6 vector primers on MRP-NIR DNA 
template. The PCR products were then isolated and used as a 
primer, together with T7 vector primer, to perform PCR on the 
remaining sequence of MRP-NIR. The final PCR products were 
digested with EcoRI and BglII and cloned into the EcoRI/ Bgill- 
linearized pGEM-4z vector containing a glycosylation reporter 
gene as described above. The mutant DNA construct was named 
MRP-NIRN,,. To engineer these mutations into MRP- 
N2R, MRP-N3R and MRP-N4R, a cassette containing the 
mutations was released from MRP-NIRN,,, using EcoRI and 
Dral digestion and then used to replace the wild-type sequence 
in MRP-N2R, MRP-N3R and MRP-N4R DNA. The mutant 
DNAs were named MRP-N2RN,,,,, MRP-N3RN,,,, and MRP- 
N4RN „a All DNA constructs were sequenced to confirm the 
correct fusion, truncation and mutation. 


Transcription and translation /n vitro 


Transcription im vitro was performed as described previously 
[19]. Cell-free translations in RRL or wheat germ extract (WGE), 
proteolysis/membrane-protection assay, limited endoglycosidase 
treatment, isolation of membrane fractions by centrifugation as 
well as analysis using SDS/PAGE and fluorography, were 
performed as described previously [19]. Treatment of microsome 
membranes (RM) with N-ethylmaleimide (NEM) and salt were 
performed as described previously by Gilmore et al. [36] and 
Walter and Blobel [37], respectively. For the post-translational 
membrane-translocation experiment, translation was performed 
without RM for 1 h and terminated by addition of puromycin 
to a final concentration of 20 aM and incubation for 20 min, 
then followed by incubation with RM for 30 min. All incubations 
were at 30 °C. Translation using pre-mixed RRL and WGE were 
performed as described previously [38]. Translation in RRL in 
the presence of wheat germ ribosome (WGR) and purification of 
WGR were done in the same way as described by Wang et al. 
[39]. The fluorograph images were digitized using a HP ScanJet 
6100C and Ádobe Photoshop 4.0. 
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RESULTS 
Topology of MSD1 In ER membranes 


MRP differs from other ABC transporters by having three 
MSDs with an extracellular N-terminus (Figure 1A). To under- 
stand the importance of the additional MSD (MSD1) in bio- 
genesis of human MRP1, the TM segments in MSD1 were first 
tested for their membrane-translocation properties. To achieve 
this goal, a glycosylation reporter was engineered at the C- 
terminal side of each of the four TM segments of MSDI. These 
constructs (named MRP-NIR, MRP-N2R, MRP-N3R and 
MRP-N4R) are shown schematically in Figure 1(B). Figure 1(C) 
shows the predicted topology of these constructs. Note that the 
two potential glycosylation sites at the N-terminus are attached 
with oligosaccharide chains in all constructs whereas the potential 
site in the C-terminal glycosylation reporter is glycosylated only 
in MRP-N2R and MRP-N4R (Figure 1C). 

As shown in Figure 1(D), translation of MRP-NIR, MRP- 
N2R, MRP-N3R and MRP-N4R transcripts in RRL in the 
absence of dog pancreatic RM generated products with in- 
cremental increases in size, as expected (Figure 1D, lanes 1, 3, 5 
and 7). In the presence of RM, products with higher molecular 
masses were generated from all constructs (as indicated by 
asterisks in Figure 1D, lanes 2, 4, 6 and 8). The increased size in 
the presence of RM was due to glycosylation, as demonstrated 
by endoglycosidase (PNGase F) treatment, which reduced their 
sizes to the same level as the ones produced in the absence of RM 
(see Figure 1E). Therefore, the nascent protein containing one, 
two, three and four TM segments of MSD1 actively translocated 
into membranes and were modified by glycosylation. However, it 
is noteworthy that the membrane translocation by MRP-NIR 
was less than that by other constructs (compare lane 2 with lanes 
4, 6 and 8, Figure 1D) 

To determine the membrane orientation of the N- and C- 
termini of these proteins, the glycosylation status was examined. 
As indicated by the number of asterisks in Figure 1(D), MRP- 
NIR and MRP-N3R both had a maximum of two high-mannose 
chains whereas MRP-N2R and MRP-N4R had a maximum of 
three high-mannose chains attached. The glycosylation status 
was also independently demonstrated using limited deglycosyl- 
ation studies (J.-T. Zhang, unpublished work). Thus, MRP- 
NIR, MRP-N2R, MRP-N3R and MRP-N&4R all had their N- 
termini located in the RM lumen and glycosylated with a 
maximum of two high-mannose chains (Figure 1C). MRP-N2R 
and MRP-N4R proteins, in addition, also had their C-terminal 
glycosylation reporter located in the RM lumen and attached 
with an additional oligosaccharide chain (Figure 1C). The 
orientation of the C-terminal glycosylation reporter in these 
proteins was demonstrated further by proteolysis/membrane- 
protection assay. As shown in Figure 1(F), no protease-resistant 
glycosylation reporter was observed from proteinase K digestion 
of membrane-associated MRP-NIR (Figure 1F, lanes 1—3) or 
MRP-NGR (Figure 1F, lanes 7-9), suggesting the cytoplasmic 
location of the C-terminal glycosylation reporter of these 
proteins. On the other hand, peptide fragments corresponding to 
the glycosylation reporter were produced from proteinase K 
digestion of MRP-N2R (Figure IF, lane 4) and MRP-N4R 
(Figure 1F, lane 10). The protected fragments from MRP- 
N2R and MRP-N4R were also sensitive to PNGase F treatment 
(Figure 1F, lanes 5 and 11). The protected fragments were 
digested away if membranes were first permeabilized with Triton 
X-100 (Figure IF, lanes 6 and 12). These results indicate that 
the glycosylation reporters of MRP-N2R and MRP-N4R. were 
glycosylated and located in the RM lumen. Therefore, the N- 
terminus of human MRP1 was in the extracellular space and the 
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Figure 2 Translation and topology of deletion mutants MRP-N14NE, MRP-N24NE, MRP-N24NTM1 and MRP-N3/NTM1 


(A) Schematic diagram of MRP-NTANE, MRP-N2ANE, MRP-N2ANTM1 and MRP-N3ANTM! deletion constructs. The symbols used are the same as in Figure 1(B). (B) Membrane orientation 
of deletion-mutant proteins. The symbols are the same as in Figure 1(C). (C) Fluorography of transiation products of deletion mutants. Translations were performed in RRL in the absence (lanes 
1, 3, 5 and 7) or presence (lanes 2, 4, 6 and 8) of RM. The number of asterisks indicates the number of oligosaccharide chains attached with the translation product. (D) Endoglycosidase PNGase 
F (PNG) treatment of translation products. Deletion-mutant products translated in the presence of RM were treated by PNGase F (lanes 2, 4, 6 and 8). Samples in lanes 1, 3, 5 and 7 are control 
reactions without PNGase F. «— and ' indicate degiycesylated and glycosylated proteins respectively. (E) Proteinase K digestion of translation products. Deletion-mutant products translated in the 
presence of RM were treated by proteinase K in the absence (lanes 1, 2, 4, 5, 7, 8, 10 and 11) or presence of Triton X-100 (lanes 3, 6, 9 and 12). Samples in lanes 2, 5. 8 and 11 were further 


treated with PNGase F. 


topology of MSDI of human MRP1 in ER membranes was the 
same as in plasma membranes, as shown previously [23—25]. 


Effect of N-terminal truncation on the orientation of MSD1 


Previously, it was shown that the N-terminal sequence may be 
important for MRP function and that deletion of TM 1 inhibited 
MRP function [26]. It has also been suggested in previous studies 
that the N-terminal sequence is important for the biogenesis of 
polytopic membrane proteins [34,40]. To determine whether 
truncation of the N-terminal sequence affects the topogenesis of 
MSDI, the first 17 amino acids at the N-terminal end of MRP- 
glycosylation reporter fusion proteins were deleted and a new 
start codon was engineered (see Figure 2A). The two potential N- 
hnked glycosylation sites at the. N-terminus, however, remain 
intact. The effect of this deletion on TMI and TM?2 biogenesis 
was tested. As shown in Figure UC), translation of the N- 
terminally truncated MRP-NIR and MRP-N2R (named MRP- 
NIANE and MRP-N2ANE, respectively) generated proteins of 
predicted size in the absence of RM (Figure 2C, lanes | and 3). 
In the presence of RM, proteins with maximum of two and three 
oligosaccharide chains were produced for MRP-NIANE and 
MRP-N2ANE, respectively (indicated by asterisks, Figure 2C. 
lanes 2 and 4), suggesting that the N-termini of both MRP- 
NIANE and MRP-N2ANE were glycosylated whereas only the 
C-terminus of MRP-N2ANE was glycosylated. The glycosylation 
status of these two proteins was confirmed by endoglycosidase 
treatment (Figure 2D, lanes 1-4) and the membrane orientation 
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of the glycosylation reporter was confirmed by proteinase K 
digestion (Figure 2E, lanes 1-6). Thus the truncated MRP- 
NIANE and MRP-N2ANE proteins had the same topology as 
their corresponding wild-type proteins (compare Figure 2B with 
Figure 1B). 

The above studv suggested that removal of the N-terminal 17 
amino acids did not affect either TMI or TM2 membrane 
translocation and orientation. However, in the previous func- 
tional study by Gao et al. [26], the N-terminal 66 amino acids of 
MRP I were deleted to create an inactive protein. To determine 
whether a large truncation affects the membrane orientation of 
MSD], the N-terminal 61 amino acids were deleted to create 
MRP-N2ANTM I and MRP-N3ANTM1. Translation of MRP- 
N2ANTM l in the presence of RM generated a protein with a 
single oligosaccharide chain compared with the translation in the 
absence of RM (Figure 2C, compare lanes 5 and 6), suggesting 
the lumenal location of the glycosylation reporter (Figure 2B). 
This was confirmed by a reduction of œ 2-3 kDa in size with 
endoglvcosidase treatment (Figure 2D, lanes 5 and 6) and by 
protection of the glycosylated reporter from proteinase K di- 
gestion (Figure 2E, lanes 7-9) Translation of MRP- 
N3ANTM I generated proteins of the same sizes in the absence 
and presence of RM (compare lanes 7 and 8, Figure 2C). 
suggesting that no oligosaccharide was added to the nascent 
protein. This observation was further confirmed by endoglycos- 
idase treatment that did not change the size of the protein 
(Figure 2D, lanes 7 and 8). Thus the glycosylation reporter of 
MRP-N3ANTM I was located in the cytoplasm (Figure 2B). This 
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location of MRP TM1 and TM2 


MRP-N1R and MRP-N2ANTM! were translated in RRL (lanes 1—4 and 7-10) or WGE (lanes 
5, 6, 11 and 12) supplemented with normal RM (lanes 1, 5, 7 and 11), NEM-treated RM (NRM; 
lanes 3 and 9), control RM treated without NEM (CNRM; lanes 2 and 8) and SRP-stripped RM 
(KRM; lanes 4, 6, 10 and 12). The transiocated and glycosylated proteins are indicated by 
asterisks. 


conclusion was supported by proteinase K digestion, which did 
not generate any membrane-protected glycosylation reporter 
from MRP-N3ANTMI] (Figure 2E, lanes 10-12). Therefore, 
truncation of N-terminal sequences up to 61 amino acids did not 
affect the biogenesis of MSDI of human MRPI. 


SRP and SRP-receptor-dependent membrane translocation of 
MSD1 


The above studies also suggested that TM2, in the absence of 
TM! (MRP-N2ANTMI construct), could initiate de novo N,- 
C,,, membrane targeting and translocation while TM initiated 
N-terminus-outside/C-terminus-inside (N uC) membrane 
translocation. To determine whether the membrane targeting 
and translocation of TMI and TM2 in MSD! is dependent on 
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Figure 4 Translation and topology of MRP-NIRN 


{A} Charge distribution surrounding TMI The symbols used are the same as in Figure 1(B). Charged amino acids are underlined. (B) Mutations at the N-terminus of TM1. Aspartic acids at 
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SRPs, translations of MRP-NIR and MRP-N2ANTMI were 
performed in WGE in conjunction with normal microsomes 
(RM) and SRP-stripped RM (KRM), depleted of SRP by high- 
salt wash [37]. In contrast to RRL, WGE does not contain 
endogenous functional SRP [30]. As shown in Figure 3, fully 
glycosylated MRP-NIR and MRP-N2ANTM I were generated 
in the presence of RM both in RRL (Figure 3, lanes | and 7) and 
WGE (Figure 3, lanes 5 and 11), although the production of 
these proteins in WGE was lower than in RRL because of the 
existence of a lower level of SRP in WGE brought in by RM. In 
the presence of KRM the glycosylated proteins were not gener- 
ated in WGE (Figure 3, lanes 6 and 12), whereas they were stili 
produced in RRL (Figure 3, lanes 4 and 10). Mock treatment of 
RM without high salt did not affect membrane translocation in 
WGE (results not shown). Thus the de novo membrane targeting 
and translocation of TM1 (in MRP-NIR) and TM2 (in MRP- 
N2ANTM 1) is SRP-dependent. 

The dependency of membrane translocation on SRP receptor 
was demonstrated by producing no glycosylated proteins in 
RRL supplemented with microsomes (NEM-treated RM, NRM) 
that had been treated with 2 mM NEM to inactivate SRP 
receptors (Figure 3, lanes 3 and 9), as demonstrated previously 
[36]. 


Determinant of the extracellular location of the N-terminus of 
MSD1 


The amino acid sequence surrounding TM] was examined in 
order to investigate what determines the N eC, membrane 
orientation of TM 1, which results in an extracellular N-terminus. 
The result showed that the domain at the N-terminal side of 
TMI was clearly less positive (with a total net charge of — 2) than 
the domain at the C-terminal side of TMI (with a total net 
charge of +3; Figure 4A). Thus it is possible that the membrane 
orientation of TM1 is determined by the 'positive-inside ^ rule 
[41]. To test this hypothesis, three negative charges (Asp!?, Asp?” 
and Asp") at the N-terminus of TMI were mutated to positive 
charges (Arg, Arg? and Arg'', respectively; Figure 4B). The 
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10, 13 and 17 were changed to arginine in MRP-N1R by site-directed mutagenesis. (C) Translation of MRP-NTRN,... Translations were performed in RRL in the absence (lane 1) or presence 
(lanes 2—7) of RM. The products translated in the presence of RM were further treated by PNGase F (PNG; lane 4) or by proteinase K (Prot. K. lane 5). Lane 3 is a contro! reaction for PNGase 
F digestion. Lanes 6 and 7 are proteinase K digestion followed by PNGase F treatment and in combination with Triton X-100 (TX-100), respectively. «— and * indicate deglycosyiated and giycosyiated 


proteins, respectively. (D) Membrane orientation of mutant and wild-type MRP-N1R. 
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mutant MRP-TMIR was named MRP-NIRN,,,, and had a net 
charge of +4 at the N-terminal domain of TMI. When MRP- 
NIRN nu was translated in the presence of RM, a protein with 
one oligosaccharide chain was produced in comparison with the 
translation in the absence of RM (compare lanes | and 2, Figure 
4C). This observation was confirmed by endoglycosidase treat- 
ment that reduced x 2-3 kDa of the protein to the size of the 
protein translated in the absence of RM (compare lanes 3 and 4, 
Figure 4C). Proteinase K digestion of the membrane-associated 
MRP-NIRN,,, generated a protected glycosylation reporter 
which was glycosylated (compare lanes 5 and 6, Figure 4C). The 
protected fragments were digested away when membranes were 
first permeabilized with Triton X-100 (Figure 4C, lane 7). 
However, in our control digestion using wild-type MRP-NIR, 
no protected glycosylation reporter was found (results not shown, 
but see Figure 1F). These results suggest that the glycosylation 
reporter of MRP-NIRN,,, was located in RM lumen, an 
orientation opposite to the wild-type MRP-NIR (Figure 4D). 
Thus, N uC, orientation of TM] is determined by the charged 
amino acids flanking TM and mutation of these charges can 
invert the membrane orientation of TMI in MRP-NIR (Figure 
1D). It should be noted that the mutations at the N-terminus 
completely inverted the orientation of TM] in the presence of the 
glycosylation reporter, indicating that the reporter domain did 
not affect the membrane translocation and orientation of TMI. 

To determine if the same mutations would still affect the 
membrane topology of TMI in the presence of other TM 
segments, TM2-TM4, Asp'?, Asp!" and Asp'* were all mutated 
to Arg to create MRP-N2RN me MRP-N3RN,,,, and MRP- 
NARN,,.,. respectively. The membrane orientations of these 
mutant proteins were then determined. As shown in Figure SA), 
translation of MRP-N2RN „e MRP-N3RN,,, and MRP- 
NARN,,, in the presence of RM generated proteins with a 
maximum of three, two and three oligosaccharide chains attached 
(as indicated by the numbers of asterisks), respectively. This was 
demonstrated by comparison of the products generated in the 
absence and presence of RM (compare lanes 1, 4 and 7 with lanes 
2, 5 and 8, respectively, Figure 5A) and by endoglycosidase 
treatment (lanes 3, 6 and 9, Figure 5A). Proteinase K digestion 
in combination with PNGase F treatment of the membrane- 
associated products showed that both MRP-N2RN,,,, and MRP- 
NARN,.., proteins had their C-terminal glycosylation reporters 
protected by RM (Figure SB, lanes 1, 2, 7 and 8). indicating the 
RM-lumen location of the glycosylation reporter. MRP- 
N3RN, ,. on the other hand, did not have its C-terminal 
glycosvlation reporter protected by RM (Figure 5B, lanes 4-6), 
indicating a cytoplasmic location of the glycosylation reporter. 
These results suggest that the N-terminus be glycosylated and 
located in the RM lumen for all MRP-N2RN,,,, MRP-N3RN_ 
and MRP-N4RN „a and that the C-terminal glycosylation re- 
porter be located in the RM lumen only for MRP-N2RN,. and 


niut 


MRP-NARN,,... Thus, the topology of MRP-N2RN,,,,. MRP- 
N3RN_ and MRP-N4RN_ in RM was the same as that of the 


fü nii mut 
wild-type MRP-N2R, MRP-N3R and MRP-N4R, respectively 
(see Figure 1B). That is. the mutations did not invert the 
orientation of TMI in MRP-N2RN,,,. MRP-N3RN,., and 
MRP-N4RN „e This observation is surprisingly interesting 
because mutations of Asp!", Asp? and Asp" to Arg could invert 
the TMI orientation in the absence of other TMs following TM 1 
(MRP-NIRN,,,,) but not in the presence of these TMs (MRP- 
N2RN,,,. MRP-N3RN,,, and MRP-NARN,,,). The inverted 
orientation of TM1 by mutations had apparently been corrected 
by the existence of a minimum sequence of TM2 plus its flanking 
residues. Therefore, TM2 appeared to play a very important role 
in helping MSDI of human MRP] fold correctly and could 
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Figure 5 Translation and topology of MRP-N2RN 
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(A) Transiation and endoglycosidase treatment of MRP-NZRN a- MRP-NSRN e Transiations 
were performed in RRL in the absence (lanes 1, 4 and 7) or presence (lanes 2. 3, 5, 6, 8 and 
9! of RM. Endoglycosidase PNGase F (PNG) treatment was performed with the products 
transiated in the presence of RM (lanes 3, 6 and 9). The number of asterisks denotes the 
number of oligosaccharide chains attached to the protein product. e= indicates deglycosylated 
proteins. (B) Proteinase K digestion of MRP-N2RN,,..—MRP-N4RN,,... Membrane-associated 
MRP-N2RN,, ,-MRP-NA4RN,.., were treated with proteinase K (Prot. K), followed by PNGase F 
digestion (lanes 2, 5 and 8), or in combination with Triton X-100 (1X-100; lanes 3, 6 and 9). 
+- and ' indicate deglycosylated and giycosylated fragments, respectively. 


correct the mutation-caused inversion of the TM orientation in 
membranes. However, it should be noted that replacing the 
glycosylation reporter domain of MRP-NIR with TM2 might 
have also altered the charges at the C-terminal side of TMI, 
which in turn affected the folding of TM 1. Nevertheless, replacing 
the glycosylation reporter of MRP-NIR with TM2 (MRP-N2R) 
in the wild-type sequence did not affect the membrane orientation 
of TMI and it only affected the mutated sequence. This ob- 
servation suggests that TM2 is very important for TMI mem- 
brane translocation and orientation. 


Post-translational membrane translocation of MSD1 


In a previous study on cystic fibrosis transmembrane conductance 
regulator (CFTR), Lu et al. [42] found that TM2 of CFTR has 
an ability to translocate into membranes post-translationally as 
a redundant mechanism to ensure correct membrane insertion of 
CFTR. In the current study, TM2 of human MRPI was found 
to have an ability to initiate membrane translocation in an SRP- 
dependent manner and that TM2 could correct the mutation- 
induced inversion of TM] orientation. This suggests that TM2 
plays a very important role in regulating the topogenesis of 
MSDI. To determine whether TM2 of human MRPI also has 
post-translational membrane targeting and translocation activity 
to provide an additional insurance for correct folding of MSDI 
in case FM I fails to initiate membrane translocation correctly, a 
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Figure 6 Post-transiational membrane translocation of MRP TM2 
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(A) Post-transiational membrane translocation, MRP-N1R and MRP-N2ANTM! were translated in RRL in the absence of RM and terminated by addition of puromycin followed by addition of RM 
and incubation. Membranes (P, lanes 2 and 4) were then separated from soluble (S, lanes 1 and 3) fractions by centrifugation and analysed by SDS/PAGE. The glycosylated protein is indicated 
by asterisks. (B) Proteinase K (Prot. K) digestion of post-translationally translocated MRP-N2ANTM1. Membrane-associated MRP-N2ANTM1 from post-translational translocation (lanes 1—4) o 
co-translational translocation (lanes 5—8) were treated with proteinase K (lanes 2—4 and 6—8), followed by PNGase F (PNG) digestion (lanes 3 and 7), or in combination with Triton X-100 (TX- 
100; lanes 4 and 8). «€ and * indicate deglycosylated and glycosylated fragments, respectively; «— indicates the protein resistant to proteinase K digestion. (C) SRP-dependence of post-transiationa! 
translocation. MRP-N2ANTM1 was translated in RAL ín the absence (lanes 1 and 2) or presence of control NRM (CNRM. lanes 3 and 4) and NRM (lanes 5 and 6). The insoluble fraction was 
then isolated by centrifugation and analysed by SDS/PAGE. The glycosylated protein is indicated by the asterisk. 


post-translational membrane-translocation experiment was per- 
formed. RM was added to a translation of MRP-N2ANTMI] 
after the translation was completed and terminated by addition 
of puromycin and then membrane fractions were isolated by 
centrifugation for analysis by SDS/PAGE. Extended incubation 
in the presence of puromycin did not generate more translation 
products, indicating that the translation was fully stopped (results 
not shown). As shown in Figure 6(A), a glycosylated protein 
(indicated by an asterisk) was generated from MRP-N2ANTMI 
and it was associated with the membrane pellet (compare lanes 
3 and 4, Figure 6A), whereas no glycosylated protein was found 
from MRP-NIR (compare lanes | and 2, Figure 6A). This 
observation suggests that TM2 in MRP-N2ANTM!I can target 
and translocate into membranes after the translation is ter- 
minated, whereas TMI in MRP-NIR cannot target and trans- 
locate into membranes post-translationally. 

To confirm the post-translational membrane translocation 
of MRP-N2ANTM!, membrane-associated nascent MRP- 
N2ANTM |I was treated with proteinase K. As shown in Figure 
6(B), the glycosylated protein was resistant to protease digestion 
(Figure 6B, lane 2) and its size was reduced by endoglycosidase 
treatment (Figure 6B, lane 3). This observation is the same as 
that for co-translationally translocated MRP-N2ANTMI (Fig- 
ure 6B, lanes 6 and 7). Thus the post-translationally translocated 
MRP-N2ANTMI had the same orientation as the co-trans- 
lationally translocated MRP-N2ANTMI. Note that the only 
difference between the co-translational and post-translational 
targeting and translocation of MRP-N2ANTM1 was that the 
efficiency of this process was lower by post-translational than co- 
translational mechanism (compare the amount of glycosylated 
protein indicated by an asterisk in Figure 6B, lanes | and 5). 

To determine whether the post-translational membrane 
targeting and translocation of TM2 is also SRP- and SRP- 
receptor-dependent, NRM was added to the translation after 
terminating the translation with puromycin. As shown in Figure 
6(C), the glycosylated protein in the membrane pellet was not 
observed in the presence of NRM (compare lanes 5 and 6, Figure 
6C), whereas it was produced in the presence of control RM 
treated without NEM (compare lanes 3 and 4, Figure 6C). This 
Observation was confirmed by proteinase K digestion that did 
not produce membrane-protected glycosylation reporter from the 
translation in the presence of NRM (results not shown). Thus 
the post-translational membrane targeting and translocation of 


TM? was also by the SRP and its receptor-dependent mechanism. 
Note that the unglycosylated band found in the pellet appears to 
represent background since it was also observed when no 
membranes were added to the translation (Figure 6C, lane 2). 


Ribosomal role in membrane translocation of MSD1 


In previous studies, it has been reported that ribosomes are 
important for the membrane targeting and translocation of 
polytopic membrane proteins [39]. Because TM2 of human 
MRP]! is a very important element in the topogenesis 
of MSDI, MRP-N2R was translated in both RRL or WGE to 
determine whether the membrane translocation and orientation 
of MRP-N2R is different between these two different systems. 
Surprisingly, MRP-N2R did not generate the fully glycosylated 
protein in WGE as compared with the translation in RRL 
(compare lanes | and 2, Figure 7A). Only proteins with two 
oligosaccharide chains and the unglycosylated peptide backbone 
were produced in WGE. This suggests that, in WGE, TMI of 
MRP-N2R may initiate the membrane targeting and trans- 
location with the N,,-C, orientation. However, TM2 of 
MRP-N2R may be unable to initiate the N,,-C,,, membrane 
translocation. Thus only the two potential sites at the N-terminus 
were glycosylated while the C-terminal glycosylation reporter 
was located in cytoplasm. This was supported by proteinase K 
treatment of MRP-N2R translated in WGE that did not generate 
any glycosylated or unglycosylated and membrane-protected 
glycosylation reporter fragments (compare lanes 1-4 with lanes 
5-8, Figure 7C). 

A lack of SRP in WGE was unlikely to be responsible for the 
failure of membrane translocation of TM2in MRP-N2R, because 
supplementation of RM would provide enough SRP to support 
the membrane translocation of TM2 in WGE (see Figure 3). To 
support this argument, translations of MRP-N2R in pre-mixed 
RRL and WGE were performed. As shown in Figure 7(D). 
MRP-N2R containing three oligosaccharide chains (indicated by 
three asterisks) was produced in RRL (Figure 7D, lane 1) but not 
in WGE (Figure 7D, lane 9). In the mixture of different ratios of 
RRL and WGE, production of fully glycosylated MRP-N2R 
(with three oligosaccharide chains) in the presence of up to 50°, 
RRL (Figure 7B, lane 5) was not recovered to the same extent as 
in RRL alone (Figure 7B, lane 1). Thus lacking SRP in WGE 
was not responsible for the failure of TM2 membrane trans- 
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Figure 7 Ribosomal dependence of the membrane translocation of MRP 
TM2 


(A) MRP-N2R and MRP-N2ANTM1 were translated in RRL or WGE and membrane fractions 
were isolated and analysed by SDS/PAGE, (B) Translation of MRP-N2R in RRL and WGE 
translation systems that were pre-mixed prior to translation. (C) Proteinase K (Prot. K) digestion 
of MRP-N2R translated in WGE. Membrane-associated MRP-N2R translated in RAL (lanes 1-4) 
or WGE (lanes 5-8) were treated with proteinase K (lanes 2—4 and 6~8), followed by PNGase 
F (PNG) digestion (lanes 3 and 7), or in combination with Triton X-100 (TX-100; lanes 4 and 
8). The arrowhead indicates the membrane-protected glycosylation reporter. (D) Effect of WGA 
on membrane translocation of TM2 in MRP-N2R and MRP-N2ANTM1. MRP-N2R and MRP- 
NANTM1 in RRL were translated in the absence or presence of WGR and membrane fractions 
where then isolated and analysed by SDS/PAGE. The numbers below the panel denote the 
percentages (in volume) of RRL and WGE. The glycosylated proteins are indicated by 
the asterisks, The arrow indicates the unglycosylated protein. 


location in WGE because addition of a small fraction of RRL 
should supply enough SRP to support fully the membrane 
translocation of TM2. Therefore, factors other than lacking SRP 
in WGE may be responsible for the failure of membrane 
translocation of TM2 of MRP-N2R. 

One possible cause for generating the fully glycosylated MRP- 
N2R in WGE is that WGR may function differently in folding 
the nascent protein than RRL ribosome and that TM? translated 
by WGR may not re-initiate membrane translocation after TM] 
was translocated into membranes. To test this hypothesis. WGR 
were isolated from WGE and added to the RRL translation 
system to determine if WGR could compete with RRL ribosomes 
to increase the production of MRP-N2R with two oligo- 


saccharide chains. As shown in Figure 7(B), the amount of 


proteins with two oligosaccharide chains (indicated by two 
asterisks) was clearly increased by addition of WGR (compare 
lanes | and 2, Figure 7B). This observation indicates that the 
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TM2 of MRP-N2R did not translocate into membranes efficiently 
in the presence of WGR. Thus the difference in ribosomes 
between RRL and WGE translation systems may be the cause 
for the difference in topogenesis of TM2 of MRP-N2R. WGR 
could probably not help TM2 of MRP-N2R target and trans- 
locate into membranes. These observations indicate that 
the membrane targeting and translocation of MRP TMD in the 
presence of TM] was regulated by ribosomes that may involve a 
re-targeting process (see the Discussion). 

It should be noted, however, that a glycosylated protein was 
generated from MRP-N2ANTM! (lacking TM1) in WGE (Fig- 
ure 7A, lane 4). This observation suggests that TM2 in the 
absence of TM] can target and translocate into RM with a N,,- 
Ca orientation in WGE, albeit at a much lower level than that 
in RRL (compare lanes 3 and 4, Figure 7A). This is in contrast 
to the observation that TM2 of MRP-NOR (in the presence of 
TM1)in WGE could not target and translocate into membranes 
with a N,-C,.. orientation (Figure 7A, lane 2). This difference 
may have been due to the possibility that the TM2-initiated 
membrane targeting and translocation. in the absence of 
TM I was ribosome-independent whereas in the presence of TM] 
it was ribosome-dependent. To test this hypothesis, WGR was 
supplemented into the RRL translation system and production 
of the glycosylated MRP-N2ANTMI was compared with that 
generated in the RRL alone. As shown in Figure 7(B), addition of 
WGR did not increase or decrease significantly the generation 
of the glycosylated MRP-N2ANTM proteins (compare lanes 3 
and 4, Figure 7B). Thus membrane targeting and translocation 
of TM2 in the absence of TM 1 was not ribosome-dependent. The 
lower level of membrane targeting and translocation of TM2 in 
MRP-N2ANTM | (in the absence of TM1) in WGE as compared 
with that in RRL (Figure 7A, lanes 3 and 4) was due to the low 
level of SRP associated with RM in WGE (see Figure 3 and the 
Discussion). 


DISCUSSION 


The domain structure of MRP is different from other ABC 
transporters such as Pgp. While Pgp consists of two domains 
with each containing a MSD followed by an ATP-binding site, 
MRP has an additional MSD (MSD1). This additional MSD is 
at the N-terminal end of the protein and has an extracellular N- 
terminus. In this study, the controlling elements for the extra- 
cellular location of the N-terminus and the biogenesis of MSDI 
were investigated. Both the membrane-targeting and -trans- 
location properties of TM2 and the charged residues flanking 
TMI were found to be important factors in generating the 
unique structure of human MRPI, The MSDI of human MRPI 
was also used as a model to investigate how the sequential 
membrane-translocation theory applies to a polytopic protein 
that has an extracellular N-terminus. The results showed that 
except TM I the membrane translocation of MSD} was sequential 
and independent of TMI. That is, TM2 initiated a N,.-C,., 
membrane-translocation event that was stopped by TM3. TM4 
initiated the second event to be stopped by TMS. 

TMI alone could also function as a signal-anchor sequence in 
an SRP-dependent manner and resulted in an N „C, orien- 
tation. The N eC, orientation of TM] appeared to be de- 
termined by charged amino acids surrounding TMI and this 
observation was consistent with the 'positive-inside" rule [41]. 
However, the membrane translocation and orientation of TM2 
also determined the membrane orientation of TMI. In the 
presence of TM2, the effect of charges on the membrane 
orientation of TMI became obsolete. That is, the inversion of 
TM | orientation induced by charge mutations could be corrected 


by the N,,-C,,, membrane translocation of TM2. Thus the 
extracellular location of the N-terminus was secured by two 
factors: charged amino acids flanking TM1 and N,,-C,_, mem- 
brane translocation of TM2. Interestingly, a recent study on a 
polytopic membrane protem with an extracellular N-terminus 
also showed that TM2 was required for the extracellular location 
of the N-terminus when mutation was engineered into the protein 
[43]. The fact that TM2 determined the N C, orientation 
of TM1 in MRP and could correct mutation-induced inversion of 
TMI orientation may be a general mechanism for generating a 
polytopic topology with an extracellular N-terminus. Thus, the 
"positive-inside ' rule may not apply to the first TM segment with 
an extracellular N-terminus in a polytopic membrane protein. It 
is not known how TM2 forced TM1 of MRP to translocate into 
membranes in an N „Ca orientation, notwithstanding that the 
mutated charges flanking TM1 favoured the opposite TM] 
orientation. It became even more difficult to comprehend whether 
the membrane targeting and translocation of TM1 and TM2 
involve two separate ribosome-targeting processes (see below). 
Clearly, further studies are needed to determine the molecular 
mechanism of TM2 control of TMI biogenesis in MRP. 

TM2 not only can correct mutation-induced inversion in TM1 
orientation, it may also play an important role in MSDI 
biogenesis. First, TM2 has a strong de novo activity to initiate 
N,-C,, membrane targeting and translocation in an SRP- 
dependent manner. The membrane targeting and translocation 
of TM2 does not need its preceding or following TMs (TM1 and 
TM3). It should be noted that the membrane translocation of 
TM2 might not need SRP if TM1 translocates into membranes 
correctly as reported previously for an artificial protein [6]. 
Should TM1 fail to correctly target and translocate into 
membranes, the SRP-dependent strong de novo membrane- 
insertion activity of TM2 may come into effect. Secondly, TM2 
has an ability to target and translocate into membranes post- 
translationally. This ability of TM2 may render an additional 
mechanism to ensure the correct membrane folding of MRP 
Should TM2 fail to translocate into membranes co- 
translationally, it may initiate N,,-C,,, membrane targeting and 
translocation post-translationally. Therefore, TM2 appears to 
play a critical role ın correct membrane targeting and trans- 
location of MRP MSDI. 

À recent study [42] showed that post-translational trans- 
location of TM2 of human CFTR provided a redundant mech- 
anism to ensure correct membrane folding for CFTR. If TM1 of 
CFTR fails to translocate into membranes, topogenic infor- 
mation encoded in TM2 provides a second chance for the 
nascent chain to acquire its correct topology. It is interesting to 
note that TM1 of CFTR had insufficient activity to initiate 
membrane translocation, the same as TMI! of human MRPI. 
This observation argues for the importance of the alternative 
mechanism provided by TM2 to ensure correct topogenesis of 
the nascent CFTR and MRP. Based on the observation with 
TM2 of human CFTR and MRP], a tentative speculation would 
be that post-translational membrane targeting and translocation 
by TM2 provide a general redundant mechanism to ensure 
correct membrane translocation and folding for polytopic 
proteins in eukaryotes. 

Post-translational membrane translocation has been reported 
for other eukaryotic membrane proteins such as connexin 26 
[44], yeast prepro-a-factor [37,45] and glucose transporter [46]. 
The post-translational translocation of these proteins has been 
shown to be dependent on ATP binding [44] and hydrolysis 
[47,48] and on nascent-chain-attached ribosomes [49] Currently, 
it is not clear whether the post-translational membrane trans- 
location of MRP-N2ANTMI also requires ATP binding and 
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hydrolysis. Although the post-translational translocation of 
MRP-N2ANTM1 was performed after puromycin pre-treat- 
ment, which presumably released ribosome from nascent chains, 
it cannot be ruled out that nascent-chain-attached ribosomes 
were still involved in the post-translational translocation of 
MRP-N2ANTMI. 

The results from the comparison of translations in RRL 
and WGE systems suggested that the membrane targeting and 
translocation of TM2 in the presence of TM1 depended on the 
types of ribosome used. WGR appeared unable to help TM2 
target and translocate into membranes once TM1 was membrane 
translocated. This observation suggests that there may be a 
ribosome re-targeting process involved in TM2 membrane trans- 
location following TM1 membrane translocation. A similar 
observation has been made about the role of ribosomes in the 
membrane translocation of Pgp sequences [39,50,51]. It is there- 
fore possible that following the membrane translocation of TM], 
ribosomes release from the protein-conducting channel and re- 
dock back when TM2 emerges from the ribosome. However, 
WGR may lack proteins that help them to re-dock on to dog 
pancreatic RM. Thus TM2 failed to translocate into membranes 
co-translationally and remained in the cytoplasm of WGE. It is 
unknown why TM2 did not use its post-translational activity to 
initiate the membrane translocation after failing to translocate 
into membranes co-translationally in WGE. However, it is 
possible that the post-translational membrane targeting and 
translocation of TM2 requires SRP (Figure 6B), and WGE does 
not have SRP. Thus WGE could not support post-translational 
membrane translocation of TM2. This was supported by an 
observation that no post-translationally translocated MRP- 
N2ANTMI was found in WGE (J.-T. Zhang, unpublished work). 

Although, in this study, TM2 was shown to play a very 
important role in ensuring the correct folding of MSD1 in vitro, 
it cannot be ruled out that TM2 may not do so in vivo. However, 
the topology of MSDI obtained in this study is-the same as the 
one generated using the full-length molecule in in vivo systems. 
This suggests that the in vitro system faithfully translated and 
folded truncated MRP! and it is probably in accotd with the in 
vivo system. Furthermore, the study by Lu et al. [42] showed both 
in vitro and in vwo that isolated TM2 of CFTR provides a 
redundant mechanism for correct folding of CFTR. Thus the use 
of truncated molecules in an in vitro system in this study should 
reflect the natural process of human MRPI1 biogenesis in vivo. 
Moreover, because of the limitation of available techniques it is 
almost necessary to dissect and examine each domain separately 
to understand the detailed biogenesis process of a large and 
complex membrane protein such as human MRPI. 
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Evidence that metformin exerts its anti-diabetic effects through inhibition of 
complex 1 of the mitochondrial respiratory chain 


Mark R. OWEN, Elena DORAN and Andrew P. HALESTRAP!' 


Department of Biochemistry, School of Medical Sclences, University of Bristol, Bristol BS8 1TD, UK 


Although metformin is widely used for the treatment of non- 
insulin-dependent diabetes, its mode of action remains unclear. 
Here we provide evidence that its primary site of action is 
through a direct inhibition of complex 1 of the respiratory chain. 
Metformin (504M) inhibited mitochondrial oxidation of 
glutamate + malate in hepatoma cells by 13 and 30% after 24 
and 60h exposure respectively, but succinate oxidation was 
unaffected. Metformin also caused time-dependent inhibition 
of complex 1 ın isolated mitochondria, whereas in sub- 
mitochondrial particles inhibition was immediate but required 
very high metformin concentrations (K, ,, 79 mM). These data 
are compatible with the slow membrane-potential-driven ac- 
cumulation of the positively charged drug within the mito- 
chondrial matrix leading to inhibition of complex 1. Metformin 


inhibition of gluconeogenesis from L-lactate in isolated rat 
hepatocytes was also time- and concentration-dependent, and 
accompanied by changes in metabolite levels similar to those 
induced by other inhibitors of gluconeogenesis acting on complex 
1. Freeze-clamped livers from metformin-treated rats exhibited 
similar changes in metabolite concentrations. We conclude that 
the drug’s pharmacological effects are mediated, at least in part, 
through a time-dependent, self-limiting inhibition of the res- 
piratory chain that restrains hepatic gluconeogenesis while in- 
creasing glucose utilization in peripheral tissues. Lactic acidosis, 
an occasional side effect, can also be explained in this way. 


Key words: gluconeogenesis, glucose utilization, lactic acidosis, 
mitochondria, NIDDM. 





INTRODUCTION 


The biguanide, metformin (N!,N'-dimethylbiguanide), is used 
extensively to treat non-insulin-dependent diabetes mellitus 
(NIDDM), yet its primary locus of action remains uncertain. 
Major effects of the drug in humans are to decrease hepatic 
glucose output, especially gluconeogenesis from L-lactate, and to 
increase both glycolytic lactate production by the intestine and 
insulin-dependent peripheral glucose utilization [1-3]. The latter 
process 1s associated with increased plasma-membrane expression 
of glucose-transporter isoforms GLUT1 and GLUT4 [4-7]. 
Early studies showed that some alkylguanidines, which are 
related to the biguanides, can inhibit the oxidation of 
glutamate+ malate but not succinate by isolated energized liver 
mitochondria, although their exact locus and mode of action was 
not elucidated [8,9]. Although direct effects of phenformin and 
metformin on the respiratory chain of isolated mitochondria 
have not been reported, mitochondria isolated from the livers of 
guinea pigs treated with phenformin were shown to exhibit 
decreased rates of 2-oxoglutarate oxidation but not succinate 
oxidation [10]. Thus it was suggested by some workers that 
biguanides might inhibit hepatic gluconeogenesis through in- 
hibition of mitochondrial respiration and ATP production 
[8,9,11,12]. However, direct measurements of tissue ATP content 
did not support this view [13] and most workers now regard the 
effects of metformin on mitochondria as being responsible only 
for side effects of the drug, such as occasional lactic acidosis. 
We decided to re-examine the possibility that inhibition 
of mitochondrial respiration might be a primary site of action of 
metformin, since previous work from this laboratory has demon- 
strated that the respiratory chain has a high flux-control 
coefficient for gluconeogenesis. Indeed, we showed that a modest 
inhibition of respiration by the mild respiratory-chain inhibitors 
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) or amytal 
caused a substantial inhibition of gluconeogenesis without 


significant changes in total tissue ATP content [14,15] Fur- 
thermore, activation of the respiratory chain by glucagon is 
thought to play an important role in the stimulation of gluco- 
neogenesis by this hormone [14]. Thus a drug that produces mild 
inhibition of the respiratory chain could be an effective hypo- 
glycaemic agent. In this paper we provide strong evidence that 
this 1s the case for metformin and phenformin that directly 
inhibit complex 1 of the respiratory chain in a time-dependent, 
self-limiting manner. We propose that this inhibition restrains 
hepatic gluconeogenesis while increasing glucose utilization in 
peripheral tissues and may also explain why lactic acidosis is an 
occasional side effect of treatment [3]. After completion of this 
work, a study by El-Mir et al. [16] also demonstrated inhibition 
of complex 1 in hepatocytes and perfused hvers by high concen- 
trations (1-10 mM) of metformin, but proposed that this effect 
was exerted indirectly by some unidentified signalling pathway. 


EXPERIMENTAL 
Animals, chemicals, drugs and reagents 


Male Wistar rats (250—300 g in weight) were used for preparation 
of both hepatocytes and liver mitochondria, and for studies in 
UIUO. 

Metformin, phenformun and antibiotics were obtained 
from Sigma (Poole, Dorset, U.K.). Cell-culture media were from 
Gibco-BRL (Paisley, U.K.). The sources of all other chemicals 
and biochemicals were as given previously [14,15]. 


Preparation and incubation of Isolated mitochondria and sub- 
mitochondrial particles (SMPs) 


Isolated rat liver mitochondria were prepared from 24-h-starved 
rats and further purified by Percoll gradient centrifugation to 
remove microsomal and plasma-membrane contamination as 





Abbreviations used DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea, SMP, sub-mitochondrial particle 
1 To whom correspondence should be addressed (e-mail A Halestrap@Bnstol ac.uk) 
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described previously [15]. Heart mitochondria were prepared 
from fed rats using a similar procedure but incorporating protease 
treatment before homogenization [17]. SMPs were prepared by 
sonication of either heart or liver mitochondria as described 
elsewhere [18]. Respiration by isolated mitochondria (1 mg of 
protein/ml) was studied at 30°C using an oxygen electrode 
[17,19]. The medium contained 125 mM KCl, 20 mM Mops, 
10 mM Tris, 0.5 mM EGTA, 2 mM potassium phosphate and 
2mM MgCl, (pH 7.2). The substrate was either 5mM L- 
glutamate + 1 mM r-malate or 5 mM succinate + 1 uM rotenone, 
and respiration was stimulated by additions of 0.4 mM. ADP 
(state 3). Oxidation of NADH by SMPs (75 ug of protein/ml) 
was measured at 30 °C in the same buffer containing 0.15 mM 
NADH; the decrease in [NADH] was measured continuously at 
340 nm in a split-beam spectrophotometer. 


Culture, permeabilization and measurement of mitochondrial 
respiration in rat hepatoma cells . 


Rat hepatoma cells (H4ITE) were grown under air/CO, (19:1) in 
Ham's F-12 medium, supplemented with 595 foetal bovine 
serum, 2 mM L-glutamine and 2 mM penicillin/streptomycin and 
were maintained in logarithmic phase throughout. Metformin 
(final concentration 50 or 100 uM from a 25 mM stock solution 
in water) was added-to cells for 24 or 60 h prior to harvesting, 
with water alone added to controls. Once harvested; cells were 
washed twice with media containing 150 mM NaCl, 5 mM KCI, 
10 mM glucose and 10 mM Tris, pH 7.4, and then suspended in 
ice-cold medium containing 210 mM mannitol, 70 mM sucrose, 
10mM glucose, 5mM Hepes and 5mg/ml defatted BSA, 
pH 7.2. Cells were then permeabilized according to Bogucka et al. 
[20]. Digitonin (0.2 mg/ml, final concentration) was added for 
1-2 min at 0 °C until > 90% of the cells became permeable to 
Trypan Blue. The reaction was stopped by adding 2 vol. of the 
mannitol/sucrose medium and the cells sedimented at 3000 g for 
3 min before resuspending in the mannitol/sucrose medium at 
8—12 mg of protein/ml. Respiration was measured in a Clark- 
type oxygen electrode as described above. 


Preparation and Incubation of Isolated hepatocytes 


Hepatocytes were isolated from 24-h-starved rats by collagenase 
digestion as described previously [14,15] and incubated at 5 mg 
of protein/ml in bicarbonate-buffered saline medium containing 
10 mM r-lactate, 1 mM pyruvate, 0.3 uM glucagon and 20 mg/ 
ml defatted BSA, with a gas phase of O,/CO, (19:1). Glucagon 
was added to provide conditions of stimulated gluconeogenesis 
and fatty acid oxidation such as occur in diabetes. Measurements 
of the rates of gluconeogenesis and metabolite concentrations 
were performed as described previously [15]. 


Metformin treatment of rats and measurement of metabolites In 
freeze-clamped livers 


Oral intubation was used to deliver doses (1 ml) of either 
metformin (50 or 150 mg/ml 1n water) or water alone directly 
into the stomachs of male Wistar rats (250-300 g in weight). 
Animals were treated once each day for 5 days. They were 
allowed free access to water at all tumes, but food was removed 
24 h before the final treatment. The treatments were carried out 
according to Home Office regulations and did not cause the 
animals any visible distress or significantly affect mean body 
weight. It should be noted that the doses of metformin used in 
the present study are typical of those shown by many workers to 
be required for the demonstration of therapeutic effects in rats 
and mice [21-25]. Following the final treatment (4 h), animals 
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were anaesthetized and their livers rapidly removed and divided 
to provide material for both the preparation of mitochondria (as 
described above) and for freeze-clamping. Freeze-clamped ma- 
terial was ground in a pestle and mortar pre-cooled with liquid 
nitrogen. The ground material (1 g) was mixed with ice-cold 
perchloric acid [4 ml of 5% (w/v)] and homogenized using a 
Polytron blender (15s at setting 3). Precipitated protein was 
removed by centnfugation and aliquots of the acid supernatant 
neutralized and assayed for various metabolites as described 
previously [15]. 


Statistics 


. The significance of differences between control and experimental 


groups were performed using a two-tailed Student’s ¢ test. 


RESULTS 


Inhibition of mitochondrial respiration by metformin in 
permeabilized rat hepatoma cells 


Rat hepatoma cells were cultured with 50 and 100 uM metformin 
for either 24 or 60h and then, following digitonin perme- 
abilzation, the rates of their ADP-stimulated mitochondrial 
respiration were measured. Data are shown in Figure 1. No 
effect of metformin on succinate oxidation was observed, where- 
as rates of glutamate + malate oxidation were reduced signifi- 
cantly. Metformin (50 uM) caused 12.6+4.3 and 29.4 4- 7.7 95 
inhibition after 24 and 60 h, respectively, whereas for 100 uM 
metformin the inhibition was 25.8+3.4 and 37.14-10.09, 
respectively. Control ratios (the ratio of respiration rates in the 
presence and absence of ADP) were 3.5+0.24 for glutamate +- 
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Figure 1 inhibition by metformin of mitochondrial respiration in per- 
meabllized rat hepatoma cells 


Rat hepatoma (HAIIE) cells were cultured for 24 or 60 h in the presence or absence of metformun 
at 50 or 100 uM, before digitonin permeabilization and measurement of respiration as 
described in the Experimental sectlon Rates of ADP-stimulated respiration in the presence of 
matformin are expressed as a percentage of control rates (no metformin) and as means-+SEM 
of tha number of observations on separate cell preparations indicated in parentheses Absolute 
rates of -ADP-stimulated respiration in the absence of metformin were 16.8+-0.3 nmol of O 
atoms/min per mg of cel! protein for glutamate -+ malate (7 = 18) and for succinate axidabon 
158+043 {a = 15) The statistical significance of the effect of metformn treatment was 
determined by a paired Student's / test (*P « 005, “P< 001) 
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Figure 2 Metformin and phenformin inhibit NADH-dependent respiration 
by isolatad mitochondria and SMPs 


(a) Rat Inver nutochondna (40 mg/ml) were incubated with gentis orbital shaking at 8 °C in 
1solatlon medium containing 10 mM metformin for the times shown The rate of ADP-stimulated 
respiration in the presence of glutamate + malate or succinate -+ rotenone was then determined 
(b) The inhibition following pre-incubation for 255 min with metformin at the concentrations 
shown is compared with that produced by phenformin following pre-incubation for 5 min. Data 
are expressed as a percentage of the control rate (incubated for the same time without drug) 


(6) The concentration dependence of the inhibition by phenformin and metformin. of NADH , 


oxidation by SMPs is shown In (8) and (b) data for metformin are given as means + SEM 
of three separate mitochondrial preparations whereas for phenformin a single experiment ts 


malate and 2.5+0.16 for succinate and were not significantly 
changed by metformin treatment. These data are consistent 
with a time-dependent inhibition of complex 1 and this was 
investigated further using isolated rat liver mitochondria. 


Metformin and phenformin Inhibit complex 1 in Isolated 
mitochondria and SMPs 


Preliminary experiments showed that addition of-metformin to 
rat liver mitochondria oxidizing 5 mM r-glutamate +1 mM L- 
malate in the presence of ADP gave no inhibition over a period 
of 5 min at 30°C, even at concentrations as high as 10 mM. 
However, the data from the hepatoma cells suggested that the 
inhibition by metformin may take a long time to develop, 
perhaps indicating a very slow permeation of the drug into the 
mitochondria. We found that incubation of isolated mitochon- 
dria at physiological temperatures for periods longer than 10 min 
is not possible without considerable loss of mitochondrial 
integrity. Thus we decided to incubate at low temperature even 
though this might further reduce the rate of metformin per- 
meation. We show in Figure 2(a) that incubation of mitochondria 
at 8 °C with 10 mM metformin produced progressive inhibition 
of the ADP-stimulated oxidation of glutamate -+ malate, but 
not of succinate, and even after 6 h inhibition was still increasing. 
The concentration dependence of this inhibition (after 255 min 
of pre-incubation at 8 ?C) is shown in Figure 2(b), but it is 
important to note that much greater inhibition would be predicted 
if 1ncubation with the inhibitor could have been continued for 
longer. Thus the true K,, value for metformin will be sub- 
stantially lower than indicated by the data shown. In contrast, 
the phenyl and ethyl groups on phenformin (N',N-phenylethyl- 
biguanide) make it a more lipophilic drug that can permeate 
biological membranes readily, and this is reflected in the ability 
of this drug to exert its maximum inhibitory effect on glutamate 
+malate oxidation within 5 min at 30°C. The concentration 
dependence of this inhibition is shown in Figure 2(b) and yields 
a K, , value of 50 uM. Again, no effect of the drug on succinate 
oxidation was observed, implying that inhibition of respiration 
was occurring, either at the level of the dehydrogenases producing 
NADH, as has been suggested by others [9,10], or at complex 1 
of the respiratory chain. 

In order to discriminate between these possibilities, SMPs 
were used. These particles have the matrix surface of the 
respiratory chain accessible to the medium and unlike mito- 
chondria they can oxidize added NADH directly. Furthermore, 
there is no permeability barrier to restrict access of metformin 
and phenformin to the matrix surface of the respiratory chain. 
Indeed, we found that NADH oxidation by SMPs was inhibited 
immediately upon addition of either drug with K, , values of 79 
and 2.2 mM, respectively (Figure 2c). Exposure of the SMPs to 
the drug for longer time periods did not increase the inhibition 
observed (results not shown). We have confirmed that inhibi- 
tion of complex 1 is not confined to liver mitochondria by 
demonstrating that there was no difference in the sensitivity to 
metformin inhibition of respiration by SMPs from liver (Figure 
2c, closed symbols) and heart (Figure 2c, open symbols). It is 
clear that the concentrations of the two drugs required to inhibit 
respiration in SMPs are substantially higher than for muto- 


shown in (€) the open and closed symbols represent preparations of SMPs from heart and Inver 
mitochondria respectively The A). values were derived by non-linear least-squares regression 
analysis using the equation v% = 100/(1.+1/X,.),.where ! is the concentration of inhibitor and 
v% Is the rate of respiration in the presence of the drug as a percentage of the rate in its 
absence 
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Figure 3 


Inhibition of glnconeogenesis by metformin In isolated rat hepatocytes 


Glucose produchon was determined after incubabon of hepatocytes from 24-I-starved rats for the time shown in the presence of 10 mM i-lactate, 1 mM pyruvate, 20 mg/mi defatted BSA and 
03 uM glucagon Metformin at the concentrations shown was added as indicated by the arrow The inset shows the progressive inhibition of gluconeogenesis caused by incubation with two 


concantrations of metformin for the times indicated 


chondna. This is most readily explained by a membrane- 
potential-driven accumulation of the positively charged drug 
within the mitochondna (see the Discussion section). 


Changes In hepatocyte metabolite concentrations associated with 
the inhibition of gluconeogenesis by metformin 


The data of Figure 3 show that metformin inhibits gluconeo- 
genesis from L-lactate in isolated hepatocytes in a time- and 
concentration-dependent fashion. This is consistent with the 
time-dependent accumulation of the drug within the mitochon- 
dria and subsequent inhibition of the respiratory chain descnbed 
above. After 2.5 h of incubation with 5 mM metformin inhibition 
of gluconeogenesis was almost total, whereas inhibition by 2 mM 
metformin had reached only 75%, but was still increasing. 
Although it is probable that inhibition of gluconeogenesis could 
have been obtained at substantially lower concentrations of 
metformin if hepatocytes had been incubated with the drug for 
longer, this was not a viable option. Control rates of gluconeo- 
genesis were found to decline substantially when incubations 
were continued for long periods, implying that the integrity of 
the hepatocytes was not maintained. 

In Figure 4 we report changes in the total hepatocyte content 
of some key metabolites of the gluconeogenic pathway following 
incubation with 2 mM metformin for 3 h. The concentrations of 
2- and 3-phosphoglycerate and phosphoenolpyruvate increased 
by 411 and 336% respectively, whereas the concentrations of 
glucose 6-phosphate and fructose 6-phosphate decreased by 
about 50%. In addition, increases in the ratios of £- 
hydroxybutyrate/acetoacetate (349%) and L-lactate/pyruvate 
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(266 95) were found. These changes were all very similar to those 
we observed previously in isolated hepatocytes treated with the 
mild respiratory-chain inhibitors DCMU and amytal [14,15,26] 
and by others using phenformin [11] Although previous work 
has demonstrated inhibition of gluconeogenesis by metformin in 
isolated rat hepatocytes [27,28] and perfused livers [29,30], 
detailed determination of the changes in metabolite concen- 
trations were not made. 


Effects of oral treatment of rats with metformin on hepatic 
metabolite concentrations 


In order to demonstrate that metformin may act to inhibit 
gluconeogenesis in vivo through the same mechanism as observed 
in isolated hepatocytes, 250—300-g rats were treated by oral 
intubation for a period of 5 days with either 50 or 150 mg of 
metformin given once daily It is recognized that even the lower 
dose (150—200 mg/kg) is some 4—5 times greater than the maximal 
daily dose of about 3 g used in humans [2,3]. However, it is well 
established that these relatively high doses of metformin are 
necessary for the drug to reach plasma concentrations in rats 
similar to those found in humans and to exert its hypoglycaemic 
effects in diabetic rats [21—25]. Wilcock and Bailey [25] have 
shown that in mice treated with 50 mg/kg metformin, portal and 
inferior vena cava concentrations of the drug peaked at 52 
and 29 uM, respectively, there being no significant differences 
between control and diabetic mice. However, these values de- 
clined to < 2% after 24 h. Thus the concentrations used in our 
studies probably are similar to those found therapeutically in 
humans. The species difference in drug dosage required may 
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Figure 4 Changes in key metabolite concentrations and ratios after 
Incubation of hepatocytes with 2 mM metformin for 3 h 


Following incubation, hepatocytes were separated from the medium by centrifugation through 
oll into perchloric acid and metabolites measured in the neutralized extracts and supernantants 
[9] Data m the presence of metformin are expressed as a percentage of the control value in 
the absence of metformin and as means FS EM of values for three separate call preparations 
Control values were similar to those reported previously [9] The statistical significance of the 
efiects of metformin were determined by a paired Student's / test (&P < 0.05, $P< 001) 
PEP, phosphoenolpyruvate, 2- and 3-PGA, 2- and 3-phosphoglycerate, G6P, glucose 6- 
phosphate, F6P, fructose 6-phosphate; GLUC, glucose, LAC/PYR, L-lactate/pyruvate; BHB/ 
AcAc, A-hydroxybutyrate/acetoacetate 


reflect a difference in the intestinal absorption and renal 
clearance of the drug [21-25]. 

After the final drug administration (4 h), livers were removed, 
freeze-clamped and extracted with perchloric acid for analysis of 
metabolites. The changes in glycolytic metabolite concentrations 
are shown in Figure 5 and are very similar to those found in 
isolated liver cells (Figure 4). Thus increased concentrations of 2- 
and 3-phosphoglycerate (257 and 332% at 50 and 150 mg of 
metformin respectively) and phosphoenolpyruvate (309 and 
53595) and decreased concentrations of glucose 6-phosphate (60 
and 61 95) and fructose 6-phosphate (63 and 33 95) were observed, 
whereas the ratios of both J-hydroxybutyrate/acetoacetate (233 
and 403%) and r-lactate/pyruvate (153 and 204 94) increased. 
Total cell concentrations of ATP, ADP and AMP showed no 
changes at either concentration of metformin. Control values for 
ATP, ADP and AMP (expressed as nmol/mg of protein, 
mean;S.E.M., for four separate rat livers) were 8 81-- 0.21, 
4.97 -+0.30 and 2.27 +0.19 respectively, whereas the values after 
metformin treatment at 50 mg daily were 8.57 1- 0.76, 5.05 4- 0.26 
and 2.68 +0.17 respectively, and after metformin treatment at 
150 mg daily were 9.00 +0.21, 5.09 --0.13 and 2.44 -0.01 re- 
spectively. 

These values represent total tissue concentrations of the 
adenine nucleotides whereas metabolic control is exerted through 
the free metabolite concentrations. Thus 1n Figure 5 we also 
present data for the ratio for the free concentrations of ATP and 
ADP calculated from metabolite concentrations and the equi- 
librium constants of the reactions catalysed by lactate dehydro- 
genase, phosphoglyceraldehyde dehydrogenase and phospho- 
glycerate kinase [15]. The assumptions behind the use of these 
calculations have been verified 1n rat liver [31] and we have 
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confirmed that 10 mM metformin does not inhibit any of the 
enzymes involved in these equilibria (results not shown). 
The calculated ATP/ADP ratio shows a substantial drop in the 
livers of the metformin-treated animals, values after treatment 
with 50 and 150 mg of metformin being 32 and 20% of control 
values respectively. The data for oxaloacetate concentrations 
(83 and 82%) shown in Figure 5 are also calculated values, 
based on the measured malate concentrations and the f- 
hydroxybutyrate/acetoacetate ratios [15]. 


DISCUSSION 


Metformin is slowly accumulated within mitochondria and directly 
Inhibits complex 1 


Comparison of the time and concentration dependence of 
complex-1 inhibition by metformin in mitochondria and SMPs 
suggest that there is a slow permeation of the drug across the 
mitochondrial inner membrane where it inhibits complex 1 
directly. As would be predicted, phenformin, a more hydro- 
phobic, lipid-soluble molecule, which binds more tightly to 
mitochondrial membranes [1--3], inhibited much more rapidly in 
intact mitochondria even at micromolar concentrations. The 
positive charge on metformin and phenformin could account for 
their accumulation within the matrix of energized mitochondria 
driven by the membrane potential (Ay). Such energy-dependent 
accumulation of biguanides within the matrix has been shown to 
occur experimentally [9] and is similar to that observed for some 
other positively charged hydrophobic inhibitors of complex 1 
such as phenylpyridine analogues [32]. Indeed, the K, , values for 
the inhibition of complex 1 by these compounds in energized 
mitochondna are 30-100-fold lower than with SMPs, a similar 
difference to that seen with phenformin in the present experiments 
(Figures 2b and 2c). A recent paper by El-Mir et al. [16] also 
demonstrated a specific time-dependent inhibition of complex 1 
by 1-10 mM metformin in hepatocytes. These authors confirmed 
that these effects of metformin could not be demonstrated when 
the drug was added directly to mitochondria or permeabilized 
heptocytes, but was maintained after permeabilization of hepato- 
cytes and when mitochondria were prepared from livers perfused 
with 10mM metformin. However, they concluded from these 
data that the effect was indirect, through an unidentified sig- 
nalling pathway. Our data suggest that there is no need to invoke 
such an indirect mechanism. 


inhibition of complex 1 by metformin can occur at drug 
concentrations found In treated patients 


Thermodynamic considerations predict that with a Ay of 
— 180 mV, metformin should accumulate 1000-fold within the 
mitochondrial matrix. This would give a K, , value with respect 
to extra-mitochondrial metformin of about 80 uM at equilibrium 
and is consistent with the 29 and 37% inhibition of ADP- 
stimulated glutamate + malate oxidation observed in mitochon- 
dria from cultured rat hepatoma cells exposed for 60 h to 50 and 
100 4M metformin respectively (Figure 1). 

The plasma concentrations of metformin found in patients are 
about 10-20 uM [1-3]. However, the liver receives the majority 
of its blood via the portal vein, which may contain concentra- 
tions of metformin substantially higher than those present in the 
general circulation [25]. Thus significant inhibition of the res- 
piratory chain of liver mitochondria in patients treated with 
metformin would be predicted. The observed inhibition of 
gluconeogenesis and pattern of hepatic metabolites in metformin- 
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Figure 6 The effect of treatment of rats with metformin en the metabolite concentrations of their freaze-clamped livers 


Treatment of rats with metformin (50 or 150 mg per rat) was performed daily for 5 days as described in the Experimental section. Control animals ware grven an equivalent volume of water Metabolite 
concentrations for control Ivers (n == 4) are given in the table below, the values for ATP/ADP are the free cytosolic values calculated from the other metabolite levels as described in the text 
The bar graph shows changes in metabolite concentrations and rahos Induced by drug treatment (7 = 4) expressed as percentages of the mean control values The error bars represent the S E M 
calculated from the ratios of the means and SEM of the control and experimental data The statistical significance of the effects of metformin were determined by an unpaired two-tailed Student's 
t test (#P< 005, $P - 001) MAL, malate; OAA, oxaloacetate, PEP, phosphoenolpyruvate, 2- and 3-PGA, 2- and 3-phosphogtycerale, DHAP, dihydroxyacetone phosphate, GASP, 
glyceraldehyde 3-phosphate, F-1,6-bisP, fructoss 1,6-bisphosphate, G-6P, glucose 6-phosphate; F-6P, fructose 6-phosphate, GLUC, glucose, LAC/PYR, L-lactate/pyruvate, BHB/AcAc, 6- 


hydroxybutyrate/acetoacetate 


treated rats provide further evidence that this 1s the case. 
Furthermore, in the case of phenformin, it has been shown by 
others that treatment of guinea pigs with 30 mg/kg of the drug 
leads to impaired oxidation of 2-oxoglutarate by subsequently 
isolated liver mitochondria [10]. We attempted similar experi- 
ments with control and metformin-treated rats (50 mg daily for 
5 days) and determined rates of ADP-stimulated respiration by 
their liver mitochondria. To correct for non-specific effects on 
mitochondrial respiratory-chain activity, rates of respiration 
were expressed relative to the rate of ascorbate oxidation in the 
presence of N,N,N’,N’-tetramethyl-p-phenylenediamine (which 
only utilizes cytochrome c and complex 4 of the respiratory 
chain). With glutamate-+-malate as respiratory substrate, the 
control and metformin ratios (expressed as means+S.E.M. for 
five preparations of liver mitochondria from separate rats) were 
0.86+0.03 and 0.79+0 09 respectively. In two rats treated with 
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150 mg for 5 days the ratios were 0.67 and 0.81. More substantial 
inhibition (about 50%) was observed by El-Mir et al. [16] after 
subcutaneous injection of rats with 600 mg/kg metformin or 
treatment of the perfused liver with 10 mM metformin for 
30 min. 

At first sight our own data may seem to indicate that little 
inhibition of complex 1 is occurring rm vivo despite the changes in 
liver metabolite concentrations occurring that are characteristic 
of such inhibition. However, an alternative explanation is that 
the drug was lost from the mitochondria during their isolation, 
and previous data from this laboratory support this view. We 
have shown that during the standard isolation procedure, rat 
liver mitochondria become permeant to small hydrophilic com- 
pounds such as mannitol, which do not normally cross the inner 
membrane, even though they remain impermeant to sucrose [33]. 
In order to confirm that the permeability of the mitochondrial 
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Figure 6 Isolation of liver mitochondria In the presence of metformin 


enhances the ability of the drug to inhibit NADH-dependent respiration 


Rats livers were divided Into four equal portions and each homogenized in standard sucrose 
isolation medium supplemented with 0, 1, 3 or 10 mM metformin as Indicated Isolation of 
mitochondrraa was performed as usual but metformin-supplemented buffers were used 
throughout State-3 rates of respiration were then determined in the presence of 
glutamate + malate as substrate and metformin at the same concentration used for muto 
chondrial rsclabon. Each data point represents the mean -t- S EM of four separate mitochondral 
preparahons 


inner membrane to metformin also increases during mito- 
chondrial isolation, rat livers were divided into four equal 
portions and each homogenized in normal sucrose media con- 
taining 0, 1, 3 or 10 mM metformin. Mitochondria were then 
isolated at 4°C by the standard procedure using buffers 
supplemented with the same concentrations of metformin This 
process takes about 90 min and yet the inhibition of glutamate 
+malate-dependent respiration by the metformin under these 
conditions (Figure 6) was considerably greater than that observed 
when isolated mitochondria were incubated at 8 °C for 4-5 h 
(Figure 2). This confirms that there is an increase in membrane 
permeability to metformin during mitochondrial preparation 
Although the mechanism responsible is uncertain (see [33]) our 
data imply that a significant amount of the metformin accumu- 
lated ın vive will be lost during mitochondrial preparation. Thus 
the 10% decrease in respiration rates that we observed following 
metformin treatment may reflect a substantially greater inhibition 
in vivo. 


inhibition of complex 1 by metformin can account for inhibition of 
gluconeogenesis 


Our data demonstrate clearly that metformin produces a time- 
and concentration-dependent inhibition of gluconeogenesis in 
isolated hepatocytes, consistent with its progressive inhibition of 
the respiratory chain. It was not possible to reach a steady state 
of inhibition over the short time frame of these experiments, but 
longer incubations were not desirable since the control rates of 
gluconeogenesis could not be maintained. For this reason higher 
doses of metformin had to be used than occur in vivo. Never- 
theless, the changes in intracellular metabolites seen in the 
hepatocytes (Figure 4) were the same as those determined in 
metformin-treated rats (Figure 5). They were also identical to 
those we have shown previously to accompany the action of 
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other inhibitors of the respiratory cham and oxidative 
phosphorylation such as amytal, DCMU, oligomycin and 
atractyloside at sub-maximal doses [14,15]. These reagents also 
cause inhibition of gluconeogenesis without a significant decrease 
in total tissue ATP concentration, although decreases in the free 
ATP/ADP ratio do occur [15]. In these earlier experiments we 
performed a detailed analysts of the relationship between in- 
hibition of complex 1 and inhibition of gluconeogenesis. We 
showed that 50 and 80% inhibition of respiration led to 20 and 
60 % inhibition of gluconeogenesis, respectively [14]. After a 30- 
min exposure of hepatocytes to 1 and 5mM metformin, El-Mir 
et al. directly determined 25 and 60% inhibition of complex 1 
[16]. This would be predicted to give about 10 and 40 & inhibition 
of gluconeogenesis respectively, which is quite consistent with 
the inhibition we observed in our experiments (Figure 4). El-Mir 
et al. [16] also demonstrated increases in lactate/pyruvate and £- 
hydroxybutyrate/acetoacetate ratios 1n response to metformin, 
just as we did, but unlike us they detected a decrease in the 
ATP/ADP ratio determined from total adenine nucleotides. This 
probably reflects their use of 10 mM metformin as opposed to 
the 2 mM used in the present studies. Our previous work with 
respiratory-chain inhibitors demonstrated that decreases in both 
cytosolic and mitochondrial ATP/ADP ratios are observed as 
inhibition of the respiratory chain increases beyond 50 % [14,15]. 

Changes in the free ATP/ADP ratios cannot be measured 
directly since much of the ADP is believed to be bound and so 
masks significant changes in free [ADP], which is probably 
nearly two orders of magnitude less than the total [ADP] [34]. 
However, the calculated ATP/ADP ratio in the livers of 
metformin-treated rats was decreased substantially (Figure 5) 
and this is reflected in an increase in the 2-phosphoglycerate, 3- 
phosphoglycerate and phosphoenolpyruvate concentrations. We 
have demonstrated previously that the decrease in ATP/ADP 
ratio inhibits gluconeogenesis by inhibiting pyruvate carboxylase, 
an effect that may be reinforced by an increase in the cytosolic 
NADH/NAD* ratio and consequent decrease in cytosolic and 
mitochondrial pyruvate concentrations [14,15]. This i$ reflected 
by the modest-decrease in calculated oxaloacetate concentrations 
(Figure 5 and [15]) and has been demonstrated directly by others 
using C-tracer measurements [30]. In addition to an inhibition 
of pyruvate carboxylase, a stimulation of pyruvate kinase flux 
will occur as a result of the increased phosphoeneolpyruvate 
concentrations [14,15], an effect confirmed directly by others [27]. 
Together, these two effects will lead to an inhibition of gluco- 
neogenesis, which may be further enhanced by the decrease in 
hexose phosphate concentrations leading to reduced flux through 
glucose-6-phosphatase. 


Inhibition of complex 1 may explain other effects of metformin 


Inhibition of complex 1 can also account directly for the 
modest inhibition of fatty acid oxidation that occurs following 
metformin treatment [1—3]. In addition, many other known effects 
of metformin treatment such as increased peripheral glucose 
metabolism and the stimulation of glycolytic lactate production 
by the intestine [1-3] would be predicted to occur as secondary 
consequences of respiratory-chain inhibition. The latter effect 
can be explained by a more extensive inhibition of mitochondrial 
respiration in the cells of the intestinal mucosa since these cells 
will be exposed to a higher local concentration of metformin in 
the intestinal lumen. The increase in insulin-dependent glucose 
utilization by peripheral tissues, including muscle and adipose 
tissue, that occurs following metformin treatment [2,3] is 
associated with increased expression of the plasma-membrane 
glucose transporters GLUT] and GLUTA [4-7]. It ıs known that 
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in many cells modest inhibition of the respiratory chain up- 
regulates the expression of glucose transporters and glycolytic 
enzymes [35,36] and causes glycolytic glucose utilization to be 
stimulated. Thus it would be predicted that modest inhibition of 
the respiratory chain by metformin would elicit the same 
response. 

It might also be predicted that an increase in blood lactate 
would occur as a result of the increased glycolytic activity, and 
an increase 1s usually observed in patients treated with metformin 
[2,3,12,25,37,38]. The effect is usually small, probably reflecting 
the ability of other tissues such as heart and red muscle to oxidize 
excess lactic acid. However, an occasional side effect of metformin 
treatment is lactic acidosis [3], which would be predicted if 
inhibition of the respiratory chain by the drug treatment became 
excessive. This side effect is more common with phenformin 
[2,3,37,38], consistent with its more potent effects on the res- 
piratory chain (Figure 2). Metformin probably avoids this 
complication because its inhibition may become self-limiting. As 
the matrix concentration of the drug increases, progressive 
inhibition ofthe respiratory chain will lead to a drop in membrane 
potential, which will prevent further accumulation of the drug. 


This work was funded by the British. Diabetic Association. We thank Professor 
R M. Denton for helpful discussions i 
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The inducible isoform of haem oxygenase (HO-1) has been 
proposed as an effective system to counteract oxidant-induced 
cell injury. In several circumstances, this cytoprotective effect has 
been attributed to increased generation of the antioxidant 
bilirubin during haem degradation by HO-1. However, a direct 
implication for HO-1-derived bilirubin in protection against 
oxidative stress remains to be established. In the present study, 
we examined the dynamics of HO-1 expression and bilirubin 
production after stimulation of vascular smooth-muscle cells 
with hemin, a potent inducer of the HO-1 gene. We found that 
hemin-mediated increase in HO-1 protein expression and haem 
oxygenase activity is associated with augmented bilirubin levels. 
The majority of bilirubin production occurred early after ex- 
posure of cells to hemin. Hemin pre-treatment also resulted in 


high resistance to cell injury caused by an oxidant-generating 
system. Interestingly, this protective effect was manifest only 
when cells were actively producing bilirubin as a consequence of 
increased haem availability and utilization by HO-1. Tin proto- 
porphyrin IX, an inhibitor of haem oxygenase activity, signifi- 
cantly reduced bilirubin generation and reversed cellular pro- 
tection afforded by hemin treatment. Furthermore, addition of 
bilirubin to the culture medium markedly reduced the cytotoxicity 
produced by oxidants. Our findings provide direct evidence that 
bilirubin generated after up-regulation of the HO-1 pathway is 
cytoprotective against oxidative stress. 


Key words: carbon monoxide, glucose oxidase, hydrogen per- 
oxide , smooth-muscle cells, tin protoporphyrin IX. 





INTRODUCTION 


Oxidative stress is the result of excessive production of oxidant 
species and/or depletion of intracellular antioxidant defences, 
leading to an imbalance in the redox status of the cell. Because 
of its anatomical location, the vascular tissue is particularly 
exposed to oxidative stress-mediated injury and vascular wall 
dysfunction is associated with the pathology of a number of 
common cardiovascular diseases. Similarly to other cellular 
systems, endothelium and smooth muscle possess the intrinsic 
ability to induce a series of protective enzymes once the pro- 
duction of oxidants overcomes the primary endogenous defences 
[1]. 

In recent years, the inducible isoform of haem oxygenase (HO- 
1) has been suggested to function as an effective system to 
counteract the oxidative threat [2]. Haem oxygenase is the rate- 
limiting enzyme in haem degradation to CO, iron and biliverdin, 
the latter being converted into bilirubin by biliverdin reductase 
[3]. The proposed antioxidant role for HO-1 is based on some 
crucial experimental observations: (1) HO-1 gene expression is 
extremely sensitive to up-regulation by oxidative stress in a 
varety of mammalian tissues [2,4—6]; (ii) induction of HO-1 
protein or transfection of cells with the HO-1 gene protect tissues 
against oxidant-mediated injury [7-10]; and (tti) HO-1 knock- 
out mice exhibit reduced stress defences when exposed to 
oxidative challenge [11]. Since biliverdin and bilirubin have been 
shown to possess potent antioxidant properties [12] and up- 
regulation of HO-1 is usually accompanied by increased levels of 
ferntin, a protein which sequesters intracellular catalytic iron 
[13], HO-1 appears to be an excellent candidate for cyto- 
protection. Stocker and co-workers [12] originally showed that 
micromolar concentrations of bilirubin efficiently scavenge 
peroxyl radicals in vitro and that, at low oxygen tension, the 


antioxidant activity of bilirubin surpasses that of a-tocopherol, 
the best-known antioxidant against lipid peroxidation [12]. In 
previous studies we have reported that exogenously applied 
bilirubin attenuates hydrogen peroxide-induced damage in vas- 
cular endothelial cells [14]. More recently, we have implicated 
HO-1-derived bilirubin ın reduction of endothelial apoptosis 
mediated by peroxynitrite [15] and amelioration of post- 
ischaemic myocardial dysfunction in the isolated perfused rat 
heart [16]. Doré and co-workers [17] have also demonstrated that 
enhanced bilirubin production following activation of haem 
oxygenase-2 (HO-2), the constitutive isoform of haem oxygenase, 
is protective against the neurotoxicity elicited by hydrogen 
peroxide [17]. However, further studies on the physiological 
importance of bilirubin generated by HO-1 are required to fully 
account for the cytoprotection conferred by HO-1 induction. 
Here we examined the dynamics of HO-1 expression and 
bilirubin production after stimulation of vascular smooth-muscle 
celis with hemin, a potent inducer of the HO-1 gene. The 
response to an oxidant-generating system was then evaluated in 
control cells and cells producing increased amounts of bilirubin. 


EXPERIMENTAL PROCEDURES 
Materials 


Bovine vascular smooth-muscle cells were obtained from the 
Coriell Cell Repository (Camden, NJ, U.S.A.) and grown ın 
Dulbecco's minimal essential medium (MEM) supplemented 
with 20% fetal calf serum, 2 x MEM vitamins, 2 x MEM non- 
essential and essential amino acids, penicillin (100 units/ml) and 
streptomycin (0.1 mg/ml). Hemin and tin protoporphyrin IX 
(SnPPIX) were from Porphyrin Products (Logan, UT, U.S.A.). 
All other chemicals were obtained from Sigma (Poole, Dorset, 
U.K.) 


Abbreviations used HO-1, haem oxygenase-1; SnPPIX, tn protoporphyrin IX, GOX, glucose oxidase 
! To whom correspondence should be addressed (e-mail r motterlini@ic ac uk) 
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Western-blot analysis for HO-1 expression and haem oxygenase 
activity 


Confluent cells were exposed to increasing concentrations of 
hemin (50-400 4M) for 2 h followed by incubation with medium 
alone for various times. At the end of the incubation, cells were 
collected and analysed for HO-1 protein expression and haem 
oxygenase activity. Western-blot technique was performed using 
specific antibodies against rat HO-1 [18,19] and haem oxygenase 
activity was determined spectrophotometrically as described 
previously [18]. 


Determination of bilirubin in cell-culture medium 


Haem oxygenase-derived bilirubin was determined as described 
recently by Turcanu and co-workers [20]. Cells were pre-treated 
with hemin (100 and 200 xM) for 2 h and exposed to medium 


.. alone or medium containing an inhibitor of haem oxygenase 


activity (SnPPIX, 40 4M) for an additional 4 or 22h. Each 
culture supernatant (500 ul) was then collected in a tube and 
250 mg of barium chloride was added. After vortexing, 0.75 ml 
of benzene was added and the tubes mixed again. The benzene 
phase containing the extracted bilirubin was separated from the 
aqueous phase by centrifugation for 30 min at 13000 g. Bilirubin 
was determined spectrophotometrically as a difference in 
absorbance between 450 and 600 nm (¢,,, = 27.3 mM cm"). 


Cytotoxicity assay 


Cells were pre-treated with hemin (25-400 4M) for 2 h followed 
by4or22 h incubation with medium alone or medium containing 
SnPPIX (40 4M). In another set of experiments, different concen- 
trations of exogenous bilirubin were applied to cells for 2 h. At 
the end of the incubation, cells were washed and exposed for 2 h 
to fresh culture medium containing various concentrations 
(10-120 m-units/ml) of glucose oxidase (GOX), an enzyme that 
catalyses the conversion of D-glucose to D-gluconolactone, pro- 
ducing hydrogen peroxide at constant rate. This oxidant-gen- 
erating system has been used previously in cell culture in vitro to 
promote oxidative injury [21]. Cell viability was assessed using a 
colorimetric assay kit from Promega (Madison, WI, U.S.A.) 
according to manufacturers' instructions. 


Statistical analysis 


Results were expressed as means S.E.M. of six independent 
experiments per group. Statistical analysis was performed using 
ANOVA combined with Student's two-tailed z test. Differences 
among the groups were considered significant at P « 0.05. 


RESULTS AND DISCUSSION 


Vascular smooth-muscle cells exposed to hemin for 2 h exhibited 
considerable changes in HO-1 expression and haem oxygenase 
activity in a time- and concentration-dependent manner. Maxi- 
mal protein levels and activity were detected 4 h after treatment 
with hemin at 100 4M (Figure 1). Although HO-1 protein 
expression was more prominent at 200 4M compared with 
100 7M hemin, haem oxygenase activity peaked at 100 4M and 
started to decrease at higher concentrations of hemin. This effect 
is presumably a consequence of the cytotoxic nature of the hemin 
moiety. In fact, by virtue of its iron content, hemin can act as a 
promoter of reactive-oxygen-species formation and thus mediate 
cell injury [8.22.23]. This concept is also sustained by our findings 
showing that at 200 «7M hemin-stimulated cells started to exhibit 
increased levels of inducible heat-shock protein 70 (hsp70; Figure 
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Figure 1 Effect of hemin on haem oxygenase activity, and HO-1 and hsp70 
protein expression in vascular smooth-muscle cells 


(A) Cells were exposed to hemin (0—200 aM) for 2 h and haem oxygenase activity was 
measured at 4 and 22 h after hemin treatment as reported in the Experimental procedures 
section. Each bar represents the mean + S.E.M. of six experiments performed independentiy. 
'P« 0.05 versus untreated; "P < 0.01 versus untreated. (B) HO-1 protein expression in 
smooth-muscle cells was detected by Western blotting at different time points after treatment 
with 100 4M hemin. (C) HO-1 and hsp70 protein expression were determined 4 h after 
exposure of cells to various concentrations of hemin (0—400 uM). 


1C), a chaperone involved in refolding of damaged and denatured 
proteins. It is interesting to note that HO-1 expression and haem 
oxvgenase activity were considerably diminished 22h after 
exposure to hemin at all concentrations used (Figure 1A), 
indicating a gradual return of cells to basal conditions after the 
initial response to hemin. 

Increased HO-1 expression following treatment of cells with 
hemin was accompanied by augmented bilirubin production, as 
shown in Table 1. However, and in accordance with the haem 
oxygenase activity results, we observed that the majority of the 
bile pigment (86 and 68 %4) was generated within the first 4 h after 
exposure to 100 and 200 4M hemin, respectively. Notably, 
after this initial period of incubation, cells treated with 100 4M 
hemin did not exhibit a significant further elevation in bilirubin 
levels. This suggests that most of the hemin taken up by cells is 
consumed by haem oxygenase in a relatively short period of time 
and that the tetrapyrrole ring subsequently becomes the limiting 
factor in the generation of bilirubin despite HO-1 protein 
expression remaining elevated. This hypothesis is substantiated 
by the fact that smooth-muscle cells exposed to higher concen- 
trations of hemin (200 4M) continued to release bilirubin into 
the medium during both the earlier and later times of incubation. 

Having established that HO-1 up-regulation is accompanied 
by increased bilirubin production, we wanted to verify whether 
this inducible pathway could provide protection against oxidative 
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Table 1 Prodaction of bitrubin in control and hemin-treated cells 


Cells were exposed for 2 h to medium alone (control) or medium supplemented with hemin (100 
or 200 uM). Bilirubin released mto the culture medium was measured 4 or 22 h after hemin 
treatment, as described in the Experimental procedures section Bilirubin was also measured 
In the medium of calls treated with 100 M hemin for 2 h followed by incubabon with 40 uM 
SnPPIX for 4h Results represent the means-FS EM of six expenments for each group 
*P < 005 versus control; TP « 005 versus 4h 
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Figure 2 Effect of kemin pre-treatment on GOX-mediated cell Injury 


(A) Cells were pre-treated for 2 h with increasing concentrations of hemin (0-400 aM) and 
were then incubated with fresh medium for 4 or 22 h prior to exposure to 80 m-units/m! GOX 
for 2 h Cell injury was assessed as reported in the Expenmental procedures sechon (B) Celis 
were pre-treated for 2 h with 100 44M hemin, incubated with fresh medium for 4 or 22 h and 
then exposed to increasing concentrations of GOX (20—120 m-units/mi} for 2h Control 
experiments (untreated) were performed by exposing cells to medium alone pnor to GOX 
challenge Each bar represents the mean -- S.E.M of six experiments performed Independently 
*P < 005 versus 0 uM hemin, TP < 005 versus 4 h, “P< 001 versus untreated 


stress. Several previous reports have revealed a direct correlation 
between HO-1 induction and high resistance to oxidant-mediated 
damage [5,9,24,25]. This cytoprotective effect has always been 
attributed to augmented levels of the antioxidants biliverdin and 
bilirubin although actual measurements of any of these HO-1 
products were lacking. We believe this is an important point to 
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Figure 3 SnPPIX attenuates hemin-medated cytoprotection against oxid- 
ative stress 


Cells were pre-treated with 100 4M.hemin for 2 h and then incubated for 4 h in medium alone - 
or medium containing 40 aM SnPPIX After incubation, cells were exposed to Increasing 
concentrations of GOX for 2 h and cell ability was assessed as described in the Experimental 
procedures section Contro! experments- (untreated) were perlormed by exposing celis to 
medium alone prior to GOX challenge Inset. effect of various concentrations of SnPPIX on cell 
viability. Celis were incubated for 4 h with 0—40 uM SnPPIX and cell viability was assessed. 
Results represent the means +S E M. of six experiments for each group "P < 0.05 versus 
untreated; TP < 005 versus hemin treatment 


address because (i) up-regulation of the HO-1 gene does not 
necessarily imply up-regulation of the products and (ü) specific 
investigations on the availability of haem as a substrate for 
increased HO-1 expression have yet to be performed. In the 
present study, cells exposed to an oxidant-generating system 
(GOX, 80 m-units/ml) for 2 h showed a considerable decrease in 
viability (Figure 2). In contrast, pre-treatment with hemin 
resulted in a concentration-dependent reduction in GOX- 
mediated cell injury. Highest protection was seen 4b after 
treatment with 100 uM hemin, the concentration that resulted in 
maximal HO activity. A similar decrease in cell injury was also 
observed with 200 uM hemin. Significantly less protection was 
found 22 h following exposure to hemin (P « 0.05 versus 4 h); 
however, pre-treatment with 200 uM hemin still resulted in 
considerable reduction of cell damage caused by oxidative stress. 
These data are best explained when considering the experimental 
protocol employed. Following exposure of smooth-muscle cells 
to hemin (4 or 22h), the medium was replaced with fresh 
medium containing GOX for 2h prior to assessment of cell 
viability. Therefore, the medium in which bilirubin accumulated 
was removed before the addition of GOX. In view of this finding 
and the bilirubin data presented in Table 1, cytoprotection 
afforded 4 h after treatment with 100 uM hemin was probably a 
result of endogenous bilirubin actively generated by HO-1 at the 
time of oxidant challenge. Accordingly, production of less 
bilirubin can account for the decreased ability of hemin (100 nM) 
pre-treatment to protect cells at 22 h. Also at 22 h, the effect of 
200 uM hemin could reflect sustained bilirubin generation over a 
longer period of time with a possible contribution of other 
inducible defensive systems such as hsp70. 

Injury following exposure to increasing concentrations of 
GOX (10-120 m-units/ml) was also significantly diminished in 
cells pre-treated with 100 4M hemin; once again this protection 
was evident at 4 but not at 22 h (Figure 2B) and is consistent with 
the dynamics of HO-1 expression, haem oxygenase activity and 
bilirubin production in relation to haem availability. A direct 
contribution of the haem oxygenase /bilirubin pathway in mini- 
mizing oxidative damage was ascertained in our study by using 
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Figure 4 Effect of exogenous bilirubin on GOX-mediated cell injury In 
smooth-muscle colis 


(A) Cells were incubated for 2 h with increasing concentrations of bilirubin (0-5 uM) and coll 
Injury was assessed 2 h after exposure to 80 rr-units/ml GOX (B) Cells were incubated for 2 h 
with medium alone (untreated) or medium containing bilirubin (1 gM) and cell viability was 
assessed 2h after exposure to increasing concentrations of GOX (0—120 m-units/mi). 
*P < 0.05 versus 0 uM bilirubin; **P < 005 versus untreated. 


an inhibitor of its activity, SnPPIX. As shown in Table 1 and 
Figure 3, SnPPIX (404M) reduced bilirubin formation 
(302+35 nM/well) to levels comparable with the control 
(375 +38 nM /well) and attenuated the cytoprotection conferred 
by hemin treatment against GOX-induced cell injury. It is 
important to note that SnPPIX itself did not cause any evident 
cytotoxic effect at the concentrations tested (Figure 3, inset). The 
participation of additional defence mechanisms cannot be 
excluded since SnPPIX did not completely reverse the protective 
effect mediated by hemin. To confirm the important role of 
bilirubin in protection against oxidative stress, cells were incu- 
bated with various concentrations of the bile pigment prior to 
GOX challenge. À marked decrease in cell damage was observed 
with bilirubin at 0.5 „M and above (Figure 4A). Similarly, 1 yM 
bilirubin significantly reduced the toxic actions of increasing 
concentrations of GOX (Figure 4B). Although our data are in 
agreement with recent published observations by Doré and co- 
workers in cultured neurons [17], the concentrations of bilirubin 
that provided cytoprotection in the present work were higher. 
However, differences in cell types and experimental conditions 
used can explain differences in results. For instance, we found 
that perfusion of isolated rat hearts with serum-free buffer 
containing bilirubin at concentrations as low as 100 nM reduces 
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infarct size and improves myocardial function following 
ischaemia-reperfusion [16]. 

Thus, this study demonstrates that increased bilirubin as a 
consequence of HO-1 induction contributes to cytoprotection of 
smooth-muscle cells against oxidant-mediated damage. In ad- 
dition, our results show how the dynamics of haem oxygenase 
activity and bilirubin production determine the adaptive response 
of cells to oxidative stress. The important issues concerning the 
availability of haem as a substrate for augmented HO-1 levels 
and the generation of bilirubin in sufficient amounts to provide 
resistance to stressful stimuli were also raised. The present 
findings strongly support a role for bilirubin derived from HO- 
I in cytoprotection; nevertheless, the participation of the other 
products of haem degradation by HO-1 is attainable since CO, 
biliverdin and iron have all been shown to modulate biological 
processes [12,13,26-28]. Accordingly, Otterbein and co-workers 
have reported recently that exposure of rats to low concentrations 
of CO increases tolerance to hyperoxic lung injury [29]. The fact 
that bilirubin can counteract oxidative injury caused by hydrogen 
peroxide [14,17], peroxynitrite [15,30] and peroxyl radicals [12] 
indicates a wide spectrum of antioxidant activities for this bile 
pigment. It 1s tempting to suggest that these properties of bilirubin 
can be extended to nitric oxide and other reactive nitrogen 
species [31,32]. 


This work was supported by grants from the National Heart Research Fund, Leeds, 
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We have identified and characterized three missense mutations in 
a patient with type 1 G,,, gangliosidosis, namely a substitution of 
G for A at nucleotide position 1044 (G1044 — A; in exon 10) on 
one allele, which converts Asp*** into asparagine, and both a 
mutation (C492 — À in exon 4, leading to the amino acid change 
of Arg!** — Ser) and a polymorphism (A1644 — G in exon 15, 
leading to a change of Ser®** — Gly) on the other allele. This 
patient had less than 1% residual f-galactosidase activity and 
minimally detectable levels of immunoreactive #-galactosidase 
protein in fibroblasts. To account for the above findings, a series 
of expression and immunolocalization studies were undertaken 
to assess the impact of each mutation. Transient overexpression 
in COS-1 cells of cDNAs encoding Asp??**Asn, Arg!€Ser and 
Ser**Gly mutant f-galactosidases produced abundant amounts 
of precursor f-galactosidase, with activities of 0, 84 and 81% 
compared with the cDNA clone for wild-type /-galactosidase 
(GP8). Since the level of vector-driven expression is much less in 
Chinese hamster ovary (CHO) cells than in COS-1 cells, and we 
knew that exogenous f-galactosidase undergoes lysosomal pro- 
cessing when expressed in these cells, transient expression studies 
were performed of Arg ?Ser and Ser"! Gly, which yielded active 
forms of the enzyme. In this case, the Arg *Ser and Ser*®*Gly 
products gave rise to 11% and 86% of the control activity 
respectively. These results were not unexpected, since the 
Arg'**Ser mutation introduced a major conformational change 
into the protein, and we anticipated that it would be degraded in 
the endoplasmic reticulum (ER), whereas the polymorphism was 
expected to produce near-normal activity. To examine the effect 
of the Asp** Asn mutation on the catalytic activity, we isolated 
CHO clones permanently transfected with the Asp***Asn and 
Asp**Glu constructs, purified the enzymes by substrate- 
analogue-affinity chromatography, and determined their kinetic 


parameters. The Voa values of both mutant recombinant 
enzymes were markedly reduced (less than 0.9% of the control), 
and the K, values were unchanged compared with the cor- 
responding wild-type enzyme isolated at the same time. Both the 
Argl**Ser -galactosidase in CHO cells and Asp**Asn £-galacto- 
sidases (in COS-1 and CHO cells) produced abundant immuno- 
reaction 1n the perinuclear area, consistent with localization in 
the ER. A low amount was detected in lysosomes. Incubation of 
patient fibroblasts in the presence of leupeptin, which reduces the 
rate of degradation of lysosomal f-galactosidase by thiol pro- 
teases, had no effect on residual enzyme activity, and immuno- 
staining was again detected largely in the perinuclear area 
(localized to the ER) with much lower amounts in the lysosomes. 
In summary, the Arg***Ser mutation has no effect on catalytic 
activity, whereas the Asp***Asn mutation seriously reduces 
catalytic activity, suggesting that Asp*** might play a role in the 
active site. Immunofluorescence studies indicate the expressed 
mutant proteins with Arg“*Ser and Asp***Asn mutations are 
held up in the ER, where they are probably degraded, resulting 
in only mmimum amounts of the enzyme becoming localized in 
the lysosomes. These results are completely consistent with 
findings in the cultured fibroblasts. Our results imply that most 
of the missense mutations described in G,,, gangliosidosis to date 
have little effect on catalytic activity, but do affect protein 
conformation such that the resulting, protein cannot be trans- 
ported out of the ER and fails to arrive in the lysosome. This 
accounts for the minimal amounts of enzyme protein and activity 
seen in most G,, gangliosidosis patient fibroblasts. 


Key words: active site, gene expression, immunofluorescence, 
polymorphisms, protein folding. 





INTRODUCTION 


A deficiency of human lysosomal f-galactosidase activity is the 
primary defect in patients with the autosomal recessive storage 
diseases, G,,, gangliosidosis, and Morquio disease, type B [1]. In 
Gu gangliosidosis, G,, ganglioside accumulates in the neurons 
of the central nervous system. G,, patients have a marked 


deficiency (0-3% of normal) of lysosomal f-galactosidase ac- 
tivity [2], accounting for the neuronal and visceral organ storage 
of galactose-terminal substances. Morquio disease type B patients 
are neurologically normal, do not store G,, ganglioside, but 
display severe skeletal dysostosis multiplex because of an ac- 
cumulation of keratan sulphate, a glycosaminoglycan, charac- 
terized by poly(galactose-N-acetylglucosamine)-repeating units 


Abbreviations used CAT, chloramphenicol acetyltransferase, CHO, chinese hamster ovary, COS-1, African green monkey kidney cells, ER, 
endoplasmic reticulum, GP8, cDNA clone for wild-type -galactosidase, poly(A)*, polyadenylated; SSCP, single-strand conformation polymorphism, 


SSPE, sodium chloride-sodium phosphate-EDTA 
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with sulphate attached at the 6-position of both sugars. While 
Morquio type B patients have been reported to have a higher 
residual activity (activity 5-10% of normal) of lysosomal f- 
galactosidase [3,4] than do G,,, gangliosidosis patients (0-3 95), 
why this should lead solely to the storage of keratan sulphate, 
and not the other natural substrates of the enzyme, is at present 
poorly understood. 

The f-galactosidase gene, residing on chromosome 3p21.33, 
encodes a 677-amino-acid prepropolypeptide, from which a 23- 
amino-acid N-terminal signal sequence is removed on entry into 
the ER to generate a propolypeptide precursor of 654 residues 
[5,6]. When N-glycosylated at most, if not all, of its seven 
candidate sites, the nascent chain migrates as an 84-kDa propoly- 
peptide and, after obtaining its mannose-phosphate lysosomal 
tag (whereby the mass as determined by SDS/PAGE increases to 
88 kDa), is then rapidly transported to the endosomal-lysosomal 
compartment [7], where it 1s proteolytically processed to the 
mature 64-kDa form of the enzyme. We have previously shown 
that purified lysosomal f-galactosidase undergoes rapid and 
irreversible inactivation by 2,4-dinitrophenyl-2-fluoro-2-deoxy- 
f-D-galactopyranoside, a potent mechanism-based suicide sub- 
strate [7]. These results indicate that lysosomal £-galactosidase 
cleaves substrates by a Koshland double-displacement mech- 
anism, involving two acidic residues; one residue, the catalytic 
nucleophile, forms a galactosylated-enzyme intermediate. The 
second acidic residue, the acid-base catalyst, donates a proton 
for cleavage of the galactosyl amino-acid bond, and extracts a 
proton from water, allowing attack by the hydroxy ion with 
release of free f-D-galactose and restoring the enzyme to an 
active state. Using electrospray ionization mass spectrometry 
after proteolytic digestion and HPLC separation of peptides, we 
identified the galactosylated nucleophile as being Glu®® [8]. 
Glu** is conserved in the mouse, dog and all other members of 
Family 35 @-galactosidases defined to date, which includes a 
variety of plant species (tomato, asparagus, cauliflower, apple, 
Aspergillus and others) [8] The second acidic residue in 
the mechanism remains to be identified. The majority of the 
mutations ın the f-galactosidase gene are of the missense type, 
which are spread uniformly throughout the gene and give rise to 
Gx gangliosidosis [1]. No mutation involving Glu*** has been 
described to date, but one mutation in particular, Trp?"? Leu, 
located only five residues from GluV5, has been found regularly 
in patients with Morquio disease type B [1]. 

Studies assessing mutations in the f-galactosidase gene for 
their impact on the expression of the protein in fibroblasts from 
Gy, gangliosidosis patients have been hampered by the general 
lack of well-characterized antibodies, Although f-galactosidase 
exits the ER-Golgi compartment and might be secreted from 
cells as a fully active precursor [7], its stability upon arrival in the 
lysosome and its productive processing to the mature enzyme are 
critically dependent on it forming a complex with two other 
independently synthesized and targeted hydrolases, namely pro- 
tective protein/Cathepsin A and neuraminidase [9,10]. This 
renders studies on the impact of mutations more difficult to 
assess, because the products must survive both the ER 'quality- 
control’ system and a unique lysosomal-processing system 
[11,12]. In the present work, we have identified Arg***Ser and 
Asp***Asn mutations in a patient with type 1 G,,, gangliosidosis. 
The Asp***Asn mutation results in a catalytically defective 
enzyme, as judged from expression studies, where conversion of 
Asp??? into Asn??? or into Glu??? resulted in markedly reduced 
catalytic activities in the enzymes, suggesting that Asp??* serves 
as an acidic active site residue. In addition, the Asp***Asn mutant 
localizes in the ER, suggesting it is also transport-defective. The 
Arg'**Ser mutation was found on the same allele as a Ser *Gly 
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mutation, which has been shown to be a common polymorphism. 
Arg! Ser and Ser?*Gly were transiently expressed in both COS- 
1 and CHO cells, and show that the enzyme containing the 
Arg**Ser mutation, although catalytically active, is localized 
and degraded in the endoplasmic reticulum (ER), whereas the 
common Ser®***Gly polymorphism results in an active enzyme. A 
preliminary report on this work has appeared 1n abstract form 
[13]. 


EXPERIMENTAL 
Patient information 


The proband, case 1, was born by Caesarean section to non- 
consanguineous parents after a normal pregnancy. Develop- 
mental delay, hypotonia, cherry red spots, kyphoscoliosis and 
hepatosplenomegaly were noted at 6 months of age. He died at 
3 years. The urinary oligosaccharide pattern and the level of 
residual enzyme activity measured with synthetic substrate were 
typical for G,,, gangliosidosis. Fibroblasts from case 2 (patient | 
of [14]) were referred to us by Dr C. A. Rupar and Dr B. Gordon 
(Children's Psychiatric Research Institute, London, ON, 
Canada). Cultured fetal fibroblasts (case 3) were available from 
a case detected prenatally (courtesy of Dr Don Whelan; 
McMaster University, Hamilton, ). These fibroblast strains were 
established for diagnostic studies, which were subject to informed 
consent. Cells from a fourth case [case 4; from NIGMS Human 
Genetic Mutant Cell Repository (GM05652A)] displayed no 
detectable acid f-galactosidase activity, and normal levels of £- 
hexosaminidase, §-glucuronidase and neuraminidase were found. 
Cells from a case of Morquio disease type B, also from the 
NIGMS Human Genetic Mutant Cell Repository (GM01602), 
gave a residual activity « 5% of control values. In general, skin 
fibroblasts were grown in a-MEM with penicillin (100 units/ml) 
and streptomycin (100 mg/ml), supplemented with 1095 (v/v) 
fetal-calf serum at 37 °C in an air/CO, (19:1) atmosphere until 
confluent. These cell cultures were free from mycoplasma con- 
tamination, as analysed by a PCR-based method. Origin-de- 
fective simian-virus-40-transformed African green monkey kid- 
ney cells (COS-1) and Chinese hamster ovary cells (CHO) were 
obtained from the American Type Culture Collection (Rockville, 
MD, U.S.A.) 


Northern blot analysis 


Extraction of polyadenylated [poly(A)*] mRNA from five 100- 
mm plates of confluent fibroblasts was performed by following 
the Oligotex® direct mRNA kit (Qiagen, Chatsworth, CA, 
U.S.A.)-guanidinium isothiocyanate method [15]. Samples of 
poly(A)* RNA (30 or 50 ug) were heat-denatured at 65 °C for 
30 min, quickly loaded on to a 1% (w/v) agarose gel, and after 
electrophoresis were transferred to a nitrocellulose blot. A Sail- 
digested fragment of the full-length f-galactosidase cDNA (called 
GPS, described in [16], and kindly supplied by Professor Y. 
Suzuki, International University of Health and Welfare Kita 
Kanemaru, Otawara, Japan) was used as the f-galactosidase 
probe, whereas a Cox6a cDNA fragment (derived from 
cytochrome oxidase protein, 6a) was used as an internal control. 
Both were labelled with **P using the random-primer-labelling 
system (Life Technologies, Rockville, MD, U.S.A.). Pre- 
hybridization of the membrane was performed at 42 °C in 50% 
(v/v) formamide, 5 x sodium chloride-sodium phosphate-EDTA 
(SSPE), 0.195 (w/v) SDS, 5x Denhardt's solution (where 1 x 
Denhardt's solution is 0.02 % Ficoll 400/0.02 94 polyvinylpyrro- 
lidone/0.002 95 BSA), 200 mg/ml denatured salmon-sperm DNA 
and 10% (w/v) dextran sulphate. The RNA was hybridized 


overnight at 42 °C with the labelled probes, and washed twice in 
6 x SSPE/0.1% (w/v) SDS at room temperature for 20 min, 
followed by two washes in 1 x SSPE/ 0.1% (w/v) SDS at 55 °C 
for 30 min. The blot was air-dried, and then exposed overnight 
at —70 °C to Kodak XAR-5 film for developing. 


Isolation of genomic DNA 


Genomic DNA was isolated from harvested cultured skin 
fibroblasts by freeze-thawing (ten times) the cells suspended in 
lysis buffer (100 mM NaCl, 10 mM Tris/HCl, pH 8, 25 mM 
EDTA, pH 8, 0.5% SDS, 0.1 mg/ml proteinase K) in a dry 
ice/ethanol bath [17]. Án equal volume of phenol/chloroform 
was added, and DNA was precipitated by adding 0.5 vol. of 
7.5 M ammonium acetate and 2 vols. of 100% ethanol. The 
DNA pellet was rinsed with 70% ethanol, and dissolved in TE 
buffer (10 mM Tris/HCl, 0.1 mM EDTA, pH 8). 


PCR analys!s 


Exons 2-16 were amplified from 500 ng of patient or normal 
genomic DNA as described by the procedure by Saiki et al. [18]. 
The primers used to amplify the appropriate exons of the £- 
galactosidase gene and those used for site-directed mutagenesis 
are on the basis of the published intron-exon junction sequences 
[19]. DNA-amplification reactions were performed in a total 
volume of 100 ul, containing 100 ng of each primer, 10 units of 
Tag polymerase (Promega, Madison, WI, U.S.A.) and 0.5 mM 
each of dCTP, dGTP, dTTP and dATP, in 10 mM Tris/HCl, pH 
8.3/50 mM KCl/1.5 mM MgCl,. The reaction conditions used 
for PCR were 30 cycles comprising 1 min at 94 ?C (denaturation), 
70 s at 56 °C (annealing) and 1 min at 72 °C (extension), using 
the RoboCycler 40 (Stratagene, La Jolla, CA, U.S.A.) thermal 
cycler. PCR products were run on a | % agarose gel to check for 
insertions or deletions, before single-strand conformation poly- 
morphism (SSCP) analysis was performed. 


SSCP analysis 


SSCP analysis was performed at either room temperature or 4 °C 
with 695 (w/v) polyacrylamide gels in 0.5 x TBE running buffer 
(where 1 x TBE is 45 mM Tnis/borate/1 mM EDTA) containing 
595 (v/v) glycerol (40 W), as described in refs. [20] and [21]. The 
gels were fixed in 50% (v/v) methanol and 10 % (v/v) acetic acid 
solution for 1 h, and then were washed three times in distilled 
water for 15 min, followed by staining in a solution containing 
equal volumes of 0.5 M sodium carbonate and 10 mM silver 
nitrate/25 mM ammonium nitrate/3.5 mM tungstosilicic acid/ 
0.895 (v/v) formalin for 10—30 min. The reaction was stopped by 
the addition of 10% acetic acid. 


DNA sequencing 


PCR products were sequenced directly, or after ligating them 
into the TOPO TA cloning kit vector (Invitrogen, Carlsbad, CA, 
U.S.A.) following the manufacturer's instructions. Non-radio- 
labelled PCR products were run on a 1% agarose gel, excised, 
and then purified using the Glassmax DNA isolation system 
(Gibco BRL, Burlington, ON, Canada). Direct sequencing was 
performed using 100 ng of purified PCR product, 100 ng of 
primers, [a-5S]dATP and the Sequenase kit (United States 
Biochemical, Cleveland, OH, U.S.A.), as recommended by the 
manufacturer. 
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Restriction enzyme analyses 
Dade 


To examine the C + A transversion in codon 148 (Arg **Ser), a 
10-4] sample containing the 139-bp PCR product from exon 4 
(primer sequences are shown in Table 1) was digested with 10 
units of Ddel for 1 h at 37 °C, run on a 10% polyacrylamide gel 
and silver-stained. 


BsrGi 


For the Asp***Asn mutation, PCR reactions included the up- 
stream primer (5'-AGCACAGCCCACCATGTAC-3', where the 
underlined bases are mismatched), along with the usual down- 
stream primer for exon 10 (Table 1) at 64 °C. In the presence of 
the G1044 — A transition, a BsrG] site is created in the amplified 
product (125 bp), where digestion with the enzyme results in 
release of 17- and 108-bp fragments. 


‘Hpail 


For the Ser***Gly polymorphic mutation, part of exon 15 was 
amplified (Table 1) using genomic DNA and a specifically 
constructed upstream primer (5’-GGGCTGGGGACACCGTG- 
CC-3)’ where C corresponds to a mispairing with the normal 
sequence, whereby, in the presence of the A — G transition, a 
Hpall restriction site is created. 


Construction In -galactosidase of missense mutations found In 
G gangBosidosis 


Fragment-replacement mutagenesis was used to introduce 
the following mutations into wild-type -galactosidase GP8. The 
Asp?'Asn, Arg!U9Ser and Ser"*Gly mutations were then 
examined by transient expression in COS-1 and CHO cells. Wild- 
type f-galactosidase cDNA (GP8-pGEM) was used as the 
template, and primers are given in Table 1(B). 


Arg'*Ser mutation 


The 558-bp fragment containing the CGC — AGC change, with 
a 5' Sall site and a 3’ Poull site, was completely sequenced and 
then subcloned into these sites in the wild-type GP8 cDNA in 
pGEM-3Z. 


Asp*Asn and Asp*Glu mutations 


The initial 255-bp fragment with a 5’ EcoRI and a 3’ Dralll site, 
containing the GAC —> AAC or GAC + GAG changes leading 
to the amino acid mutations of Asp*** — Asn or Asp*** + Glu 
respectively (205 bp after digestion with these enzymes), was 
purified, sequenced and subcloned into f-galactosidase GP8- 
pGEM-3Z. 


Ser*?Gly mutation 


The 505-bp fragment with 5’ and 3’ BamHI sites containing the 
AGT  GGT change was purified, sequenced and subcloned 
into GP8-pGEM-3Z. For COS-1 cell expression, the wild-type 
and mutated forms of GP8 were inserted into the Xhol site of 
pSVL vector using T4 DNA ligase (1 unit/ug DNA for 12 h at 
12?C). For CHO cell expression, the wild-type and mutated 
forms of GP8 were inserted into pRc/RSV at the Hmd I site, as 
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Table 1 Primers for the ampilfication of exons 4, 10, and 15 In #-galactosidase (a), and those for site-directed mutagenesis of specific residues In exons 


4, 10 and 15 (b) 


(a) in all cases, tha melting temperature (7,) was 60 °C (b) The nucleotide changes are underlined. 
(a) 


Exon Upstream (5’ — 3^) Downstream (5^ — 3^) Product size (bp) 
4 CGGAACAGACATTATAATGGC GCTTTTATAAATCTICTCAAGAC 139 
10 . TGGCACATTTITGICTICTAG GCACCCACCACAGCTCATA 165 
15 CAGCTCACTGTGCTCTGTIT GAATTCAAACCCTICCCATGA 315 
(b) ] , ~ 
Location of mutation Mutation 
(codon affected) cDNA primer position Oligonucleotides used (5’ — 3^) cDNA codon change introduced 
Exon 4 (Arg Upstream CGTCGACGGGGOGCCGA 
Middle CTATTCTTCTCAGCTCCTCCG CGC — AGC Arg ^ Ser 
Downstream ACTIGTCCACAGCTGOCAGG 
Exon 10 (Asp?) Upstream GCAGCTACTITGCCTGTGATIT 
Middle GGGGCATCATAGTIGTAGCTG GAC — AAC Asp™Asn 
Downstream AACATATGCTCGATCGTGGAC 
Exon 10 (Asp™) Upstream GCAGCTACTTTGCCTGTGATTT 
Middle GGGGCATCATACTCGTAGCTGG GAC — GAG Asp™Glu 
Downstream AACATATGCTCGATCGTGGAC 
Exon 15(Ser**) Upstream AATAACCCTCACTAAAG 
Middle GACGGTGGCCACCATGATG AGT — GGT Ser™Gly 
Downstream AATACGACTCACTATAG 





described in detail previously [7]. All plasmids were examined for 
the correct orientation of inserts. 


DNA transfection 


CHO cells were transfected using the liposome-mediated 
(Lipofectin®) method, while the COS-1 cells were transfected 
using the adenovirus-mediated method. 


Lipofectin transfection 


CHO cells were transfected with the pRc/RSV-GP8-Arg!*?Ser, - 
Asp***Asn, -Asp?** G]u and -Ser?*Gly constructs, and with wild- 
type GP8. CHO cells were grown until they had reached 80-85 % 
confluency. Of each construct, 20 ug was transfected separately 
with the Lipofectin® reagent (Gibco BRL), as described by 
Felgner et al [22]. After a 4-h incubation at 37 °C, medium was 
added and the cells were incubated for an additional 48-72 h 
before harvesting. CHO clones permanently transfected with 
pRc/RSV-GP8-Asp**Asn and -Asp***Glu were isolated as de- 
scribed previously [7]. 


Adenovirus-mediated transfection 


COS-1 cells were grown to 80 95—85 % confluency for transfection 
[23] The growth medium was removed, and the cells were 
washed twice with 10 ml of PBS. Aliquots (1 ml) of diluted 
adenovirus-lysed HEK-293 cell media and 8 ug of pSVL-GP8- 
Argif**Ser, -Asp***Asn and -Ser***Gly constructs, together with 
wild-type GP8 and DEAE-dextran (at a final concentration of 
80 mg/ml) were added to the diluted adenovirus media. The 
DNA/adenovirus/DEAE-dextran mixture was added dropwise 
to the COS-1 cells, and incubated at 37°C for 2h. A chlor- 
amphenicol acetyltransferase (CAT) construct was included to 
check for transfection efficiency After the transfection incu- 
bation, the cells were washed once with 10 ml of PBS containing 
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10% (v/v) DMSO, twice with 10 ml of PBS, and grown in 10 ml 
of medium for 2-3 days. 


Enzyme purification, protein analysis and enzyme assays 


Harvested cultured-skin fibroblasts and transfected cells were 
resuspended in 0.25 M Tris/HCl, pH 7.8, containing the protease 
inhibitors PMSF (1 mM) and leupeptin (10 mg/ml), subjected to 
ten freeze-thaw cycles, and soluble lysates were collected for 
enzyme and protein analyses. Recombinant Asp***Asn and 
Asp**Glu enzymes were purified from the medium above the 
CHO cells, as described previously [7,24]. To assess the amount 
of endogenous CHO enzyme in these preparations, we subjected 
the same volume of medium conditioned with non-transfected 
CHO cells to this isolation procedure. Protein content was 
determined either in duplicate or triplicate [25] with BSA 
(0.5 mg/ml) used as the standard. Enzyme activity was measured 
in duplicate by adding a 60-41 aliquot of enzyme solution to 
190 gl of 0.6 mM artificial substrate, 4-methylumbelliferyl-£-p- 
galactopyranoside (Sigma, St. Louis, MO, U.S.A.) in 50 mM 
citrate/100 mM phosphate buffer, pH 4.3 [7,24]. For measure- 
ment of the kinetic constants, the volume of substrate used was 
increased to 240 ul, to which was added a 10-ul aliquot of 
enzyme diluted into the above buffer containing BSA (0.1 mg/ 
ml). After incubation at 37°C for 30 min, all reactions were 
stopped by adding 2 ml of 0 1 M 2-methylpropan-1-ol buffer, pH 
10, and the fluorescence was determined with an excitation 
wavelength of 365 nm and an emission wavelength of 450 nm 
with a Perkin-Elmer (model 650-40) spectrofluorimeter 
(Norwalk, CT, U.S.A.). A known amount of 4-methylumbelli- 
ferone (Eastman Kodak Company, Rochester, NY, U.S.A.) in 
0.1 M 2-methylpropan-1-ol, pH 10, was used as a standard. 
Transfection efficiency was monitored by the CAT activity using 
the phase-extraction system [26]. 


ti 





Western blot analysis 


Cells were harvested by scraping in PBS, and lysed by sonication, 
as described previously [9]. Fibroblast protein (30 ug) and 20 sg 
of total COS-1 and CHO cellular protein were analysed using 
SDS/PAGE. Samples were reduced by boiling for 5 min in 
62.5 mM Tris/HCI/3?; (w/v) SDS/10 mM dithiothreitol, and 
then loaded on to an 8°, Bio-Rad (Mississauga, ON, Canada) 
Mini-Gel SDS/PAGE system, run as described by Laemmli [27]. 
Proteins were transferred overnight to nitrocellulose, and the 
resultant Western blot was probed using a |: 1500 dilution of our 
well-characterized rabbit IgG (P-Gal) raised against purified 
human /-galactosidase precursor, as described previously [7.9]. 
Immunoblots were developed using the enhanced chemilumi- 
nescence system (ECL?) Western Blot (Amersham, Oakville, 
ON, Canada). 


Immunolocalization of /j-galactosidase in intracellular 
compartments 


Patient | and control fibroblasts were incubated for 48 h in a- 
MEM medium with 10°, (v/v) fetal-bovine serum at 37 C in an 
air/CO, (19: 1) mixture, to which 20 aM leupeptin was added. 
We have previously shown in normal and galactosialidosis 
fibroblasts that leupeptin reduces the lysosomal degradation of 
f-galactosidase, resulting in a prolonged half-life and an 
increased level of the enzyme activity, without affecting the 
correct processing. of the enzyme to its mature form [9]. 
Leupeptin-treated fibroblasts were analysed for protein by West- 
ern blot analysis, for enzyme activity and for immunolocalization 
of J-galactosidase. Immunolocalization of /-galactosidase was 
performed in non-transfected and permanently transfected CHO 
cells with the wild-type /-galactosidase, Asp"?Asn and Asp**Glu 
constructs. Cells were grown in z- MEM medium with 10°, (v/v) 
fetal-bovine serum at 37 °C in air/CO, (19:1) on glass cover slips 
and, after 48 h, the cells were fixed and gently permeabilized with 
100 ^; cold methanol at — 20 °C for 30 min. The fixed cells were 
then washed in PBS, blocked with 1 %4 BSA, and incubated for 
l h with rabbit IgG raised against purified human /-galactosidase 
precursor, as described above (diluted 1:200). The secondary 
antibody, a green fluorescein-labelled goat-(anti-rabbit) IgG 
(Fab2), diluted 1:100, was then added for | h, either alone or in 
combination with a 1 : 10000 dilution of propidium iodide (which, 
in addition to nuclear DNA, also stains cytoplasmic RNA and 
RNA bound to the rough ER), thereby marking the position of 
the ER by the location of red fluorescence. The cells were then 
washed three times with PBS and mounted with elvanol. In 
control cultures, the preimmune rabbit IgG was substituted for 
the primary antibody. 

The slides were analysed, and the proportion of immuno- 
reactive protein present in the ER or the endosome/lysosome 
was determined using a fluorescent microscope (Olympus Vanox- 
AH-3; magnification x 800) and two narrow-band filters to 
detect the green and red fluorescence separately. An additional 
broad-spectrum filter was also used for the simultaneous de- 
tection of the green fluorescein-tagged P-gal antibody and the 
nucleic acids labelled with red propidium iodide fluorescence. In 
this setting, the overlapping of the red and green fluorescence 
in the cytoplasm gave rise to a yellow fluorescence, which 
indicated the co-localization of /-galactosidase with the ER. 
Multiple images of the same cell obtained with all of the 
abovementioned filters were captured with a charge-coupled- 
device (CCD) camera (Optronics, Galeta, CA, U.S.A.), stored in 
a MacIntosh 9500 computer, and quantitatively analysed using 
the Image Pro Plus program (Media Cybernetics, Silver Spring, 
MD, U.S.A.), according to the manufacturer's instructions. In 
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each of the three experimental groups (wild-type, Asp***Asn and 
Asp???*Glu), images of 50 cells were analysed, and results were 
statistically evaluated to give quantitative measurements of the 
percentage of the area occupied by the anti-(/-galactosidase) 
reactive ligands that reside in the ER (green and red fluorescence 
overlapped), and in the endosomal and lysosomal compartments 
(green fluorescence alone). Cultures of COS-1 cells transiently 
transfected with wild-type and Asp***Asn constructs, maintained 
in small dishes with coverslips, were fixed as described above. 
Separate coverslips were incubated for 1h with PBS-diluted 
primary antibody (2 ug/l) followed by a l-h incubation with the 
appropriate fluorescein (FITC)-conjugated goat-(anti-rabbit) or 
goat-(anti-mouse) secondary antibodies. An additional 10-min 
incubation with propidium iodide (0.1 ug/ml) ensured the nuclear 
counterstaining. The coverslips were mounted on glass slides 
with elvanol, and analysed using an Olympus Vanox AH-3 
fluorescence microscope. 


RESULTS 
Level of #-galactosidase protein 


Western blot analysis of cultured skin fibroblasts showed that the 
patient (Figure |, lane 3), like most other G,, patients (two 
examples are shown in Figure |, lanes 4 and 5) we have examined 
to date, has barely detectable amounts of the 64 kDa mature 
form of the enzyme (the normal amount is shown in lane 2). The 
84 kDa precursor, which we have previously shown [9] amounts 
to approx. 20 *, or less of the total f-galactosidase in fibroblasts, 
is proportionately lower in abundance in all the G,,, cell strains 
examined compared with normal cells. The Morquio type B 
strain (lane 6), which has approx. 5°, residual /-galactosidase 
activity, has proportionately decreased amounts of the 84 kDa 
precursor and the 64 kDa mature form. Northern blot analysis 
showed that the abundance and size of the mRNAs were normal 
for case 1, as in all the other cases examined (results not shown). 


Identification of the mutations 


SSCP analysis was used to screen for mutations in exons 2-16 
using intron/exon primers, as described by Morreau et al. [191]. 
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Figure 1 Western blot of fibroblast cell lysates from three G,,,-ganglio- 
sidosis and one Morquio type B patients 


Of total cellular protein, 30 ug was analysed by SDS/PAGE and probed using an antibody that 
cross-reacts with the 84 kDa precursor and 64 kDa mature forms of /-galactosidase. Lane 1 
(positive control) corresponds to wild-type #-galactosidase transiently expressed in COS-1 cells, 
and demonstrates the location of the 84 kDa precursor. Lane 2 is from a normal fibrablast 
control, showing the small amount of precursor and the abundant 64 kDa mature form of f. 
Galactosidase. Lane 3 shows the index case, case 1, where very little precursor and no mature 
protein is visible. This is comparable with other G,,,-gangliosidosis patients, such as cases 3 
and 4 (lanes 5 and lane 4 respectively), where no precursor and no mature protein is visible. 
For comparison, lane 6 corresponds to a fibroblast lysate fram Morquio type B (case 5, positive 
control) where reduced amounts of precursor and mature enzyme are visible. 
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Figure 2 Sequencing analysis showing three different mutations in the f- 
galactosidase gene in G,,,-gangliosidosis cases 


All of the sequencing used PCR-amplified genomic DNA as template. (A) The C492 — A 
transversion mutation is shown, leading to an Arg’“°Ser amino acid substitution found in case 
1, where the presence of both C and A indicates heterozygosity at this position. (B) The PCR 
products were subcioned as described. Only the area containing the mutation is shown. The 
left panel shows the normal sequence found on the one allele in case 1, whereas the right panel 
shows the 61044 — A change in case 1, which converts Asp™ into Asn. (C) The A1644 — 
G change shown here was from case 4, who was homozygous for this mutation and for Arg^?' 
‘Stop’ (result not shown). Cases 1 and 3 were heterozygous for the A1644 — G mutation. 


A 139-bp PCR product. obtained from amplification of exon 4, 
produced an SSCP-mobility shift in DNA from case 1, but not in 
cases 2, 3 and 4 (results not shown). Direct sequencing of this 
product from case | identified a C492 — A transversion (Figure 
2A). which resulted in an Arg!**Ser substitution. This mutation 
creates a Ddel site (generating fragments of 82 bp and 57 bp 
from the 139-bp product), which was used to analyse all the other 
G,,, cases used in this study. The C492 — A transversion mutation 
was identified on one allele in a second case of infantile Gy, 
gangliosidosis (case 2), described previously [14]. The mutation 
on the second allele in case 2, G1445 — A, converts Arg 482 into 
His, and has been described previously [16]. The C492 — A 
(Arg!'5Ser) mutation was not detected in 50 unrelated normal 
individuals, indicating that it was unlikely to be à common 
polymorphism. On SSCP analysis of the proband exon 10 (Table 
1), a band shift was noted, and a G1044 — A mutation (which 
converts Asp ??? into Asn) was detected on sequencing both the 
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Figure 3 Western blot analysis of transfected COS-1 cells 


(A) COS-1 cells were transfected with wild-type pSVL-GP8 cDNA (lane 1), pSVL-GP8-Arg’**Ser 
cDNA (lane 2) and pSVL-GP8-Ser’Gly cDNA (lane 3), and processed as described in the 
Materials and methods section. No cross-reacting material (lanes 4 and 5) was detected in 
the mock-adenovirus-transfected or the untransiected COS-1 cells. (B) COS-1 cells were meck- 
adenovirus-transfected (lane 1) or transfected with pSVL-GP8-Asp““Asn (lane 2) or wild-type 
pSVL-GP8 cDNA (lane 3. -Gal /7-galactosidase. 


direct and subcloned PCR products (Figure 2B). To examine 
the occurrence of this mutation in the population, we constructed 
an oligonucleotide 5-A,,,,5CACAGCCCACCATQOGTAC,,,-3 
(where TG are mismatched nucleotides) which, in the presence of 
the G1044 — A mutation, creates a unique BsrGI restriction site 
( BsrGI cleavage of the 125-bp product generates 108-bp and 17- 
bp products). This mutation was not detected in 50 unrelated 
individuals, indicating it is unlikely to represent a polymorphic 
change. Upon amplification of exon 15, the 191-bp PCR product 
undergoes an SSCP shift that was seen in cases 1, 3 and 4. Both 
the proband and case 3 were heterozygous for this change, 
whereas case 4 was homozygous. This SSCP shift indicated the 
presence of a third mutation in case 1, identified as an A1644 — 
G change converting Ser ??? into Gly (Figure 2C). and is judged 
to be a common polymorphism, since it was detected in 5 out of 
the 20 normal individuals tested. Its occurrence is easily detected 
using Hpall restriction-enzyme digestion, since the 191-bp PCR 
product is cleaved into 119-bp and a 72-bp fragments when the 
mutation is absent, and 119-bp and 53-bp products when the 
A1644 — G change is present. The disease-associated C492 — A 
(Arg!**Ser) and the polymorphic Al644— G (Ser?Gly) 





Table 2  /j-Galactosidase activity associated with mutations as measured 
in transiently transfected COS-1 cell lysates 


The activities ate representative average values from replicate plates. and were corrected for 
transfection efficiency using the CAT assay. The activity in mock-transfected COS-1 cells was 
the separately determined baseline value in each experiment, and this value was subtracted from 
all values in that experiment. This experiment was performed independently three times. —, not 
determined. 





f-Galactosidase activity 
(nmol/h per mg of protein) % of wild-type 


C 





COS + adenovirus 212 "i 
Wild-type GP8-5-gal pSVL 720 100 
Arg’®Ser_f-gal pSVL 601 83.5 
Ser"*Gly -gal pSVL 583 810 
Asp^"Asn fi-gal pSVL 256 i 





mutations were found in the mother of the proband, and the 
exon 10 G1044 — A, Asp***Asn change was found in the father 
(results not shown). Interestingly, case 2, the second patient in 
which we found the C492 — A, Arg!**Ser mutation in exon 4, 
was also polymorphic for A1644 — G, Ser?*Gly. However, this 
appears to be a fortuitous association, because the case 4 cell line 
was found to be homozygous for both a new nonsense mutation 
and for A1644 -+ G, Ser***Gly (S. Zhang, R. Bagshaw and J. W. 
Callahan, unpublished work). 


Expression of mutated /j-galactosidase in COS-1 and CHO cells 


We examined expression of these mutations in both COS-1 and 
CHO cells. In general, COS-1 cells amplify the transfected 
cDNA, and high levels of mRNA encoding the transfected gene 
are transcribed. In this instance, abundant /-galactosidase pro- 
tein was produced (Figure 3). Therefore expression in this system 
allows us to differentiate between mutations that affect the active 
site, and those that do not. When expressed in COS- 1 cells, all of 
these constructs yielded high levels of the 84 kDa precursor, with 
small amounts processed to the 64 kDa mature form of the 
enzyme, as judged by Western blot analysis (Figure 3). Both 
the Arg’**Ser and the Ser?^?Gly /-galactosidases showed sub- 
stantial levels of enzyme activity, whereas the Asp???Asn f- 
galactosidase gave < 1°, residual activity, suggesting that the 
Asp***Asn mutation affected the active site of the enzyme (Table 
2). As the COS-1 /-galactosidase is only weakly cross-reactive 
with our antibody, only small amounts of cross-reacting material 
(Figure 3) were detected in the untransfected and the mock- 


Table 3 f-Galactosidase activity measured in transfected CHO cell lysates 
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Figure 4 SDS/PAGE of purified Asp*’Asn- and Asp*’Giu-f-galactosidase 


Wild-type and mutant #-galactosidases were purified fram medium conditioned with CHO calls 
permanently transfected with wild-type /-galactosidase or the respective recombinant fi- 
galactosidases. The enzymes were purified on the substrate analogue-affinity column, as 
described in the Materials and methods section. Lanes 1—4 respectively were Inaded with 5 ig 
of the purified wild-type enzyme (lane 1), the purified Asp*“Glu enzyme (lane 2) and the 
Asp"^Asn enzyme (lane 4); lane 3 contains 5 wg of protein purified from medium above 
untransfected CHO cells. The molecular-mass standards are indicated. The proteins were 
detected by Coomassie Blue staining. 


adenovirus-transfected host cells. We then performed transient 
expression in CHO cells where, because only a minor degree of 
amplification of the cDNA occurs, considerably less mRNA 
would be transcribed compared with COS-1 cells resulting in less 
directed /7-galactosidase synthesis by these cells. In this case, the 
ER ‘quality-control’ system would be expected to function 
normally, and we would be better able to discriminate between 
mutations that affected folding and those that did not. In 
addition, CHO cells process human /-galactosidase to generate 
both the mature enzyme and its degradation products [7,9]. 
When the effect of the Arg!'*Ser and Ser^?Gly mutations were 
compared with the GP8 wild-type control using transient trans- 
fections in CHO cells, we found markedly reduced levels of 
activity attributable to the Arg!**Ser mutant enzyme (Table 3), 
while the levels of activity produced from the polymorphic 
Ser??? Gly form were virtually indistinguishable from those of the 
GP8 wild-type control. Taken together, these expression data 
suggest the Arg'**Ser mutant /-galactosidase, while catalytically 
active (as judged from the COS-1 expression). is largely degraded 
(presumably in the ER, as shown in Figure 5A below). This 


Enzyrne activity was measured in duplicate from each of two separate dishes for each experiment, as described in the Materials and methods section. Corrected specific activities are values obtained 


after subtraction of the CAT controls. Exper, experiment; —, not applicable. 





Specific activity (nmol/h per mg of protein) 


Corrected 


————————— 


Exper 1 


Exper 2 Exper 2 
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Uncorrected 
Transtectant Exper 1 Exper 2 
Mock 541 548 
CAT 755 576 
Wild-type GP8 1122 1165 
GP8-Arg’*Ser 786 658 
GP8-Ser“Gly 1030 1147 


31 82 8.4 13.9 
275 971 749 96.9 
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Table 4 Kinetic constants of wild-type and mutant //-galactosidases 
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Figure 5 


Immunofluorescence detection of //-galactosidase 


A) COS-1 cells were transit ted will 2 tlt odi vile GI 
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Since the naturally occurring Asp***Asn mutation, when 


expressed in COS-1, resulted in ample amounts of protein, bul 


negligible catalytic activity, it. was of interest to examine in 
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Figure 6  Immunofluorescence detection of /-galactosidase in fibroblasts incubated in the presence of leupeptin 


Control (A and B) and patient's (C and D) fibroblasts were incubated for 48 h in the absence (A and C) or presence (B and D) of leupeptin (20 zM). As expected, the specific activity of /7 
galactosidase increased in the control cells (from 681 nmol/h per mg of protein to 994 nmol/h per mg of protein), and the enzyme was immunolocalized almost exclusively in lysosomes. In the 
patient's fibroblasts there was no change in the enzyme activity (undetectable in the presence or absence of leupeptin), the level of immunodetectable enzyme remained much lower than in normal 
cells, and was found primarily in the perinuclear area and the cisternae of the ER (C and D), with some found additionally in lysosomes (with leupeptin; D) 


greater detail a possible role for Asp?** in the active site. To do 
this we converted Asp”? into both Asn*** and Glu***, and 
isolated permanently transfected CHO cell clones expressing 
high levels of these enzymes. We have used a similar approach to 
successfully purify and characterize the normal /-galactosidase 
precursor [7.8]. Mutant Asp***Asn, Asp**Glu, and wild-type /- 
galactosidases were purified to apparent homogeneity (Figure 4. 
lanes 1, 2 and 4) in a single step from the CHO cell medium on 
the phenylthio-/7-b-galactoside-Sepharose substrate-analogue 
affinity column, under the standard conditions described pre- 
viously [8,24]. As a control. a corresponding amount of medium 
conditioned with non-transfected CHO cells was run to account 
for any host contribution to the protein (Figure 4, lane 3) and 
activity (Table 4). We then determined kinetic constants for the 
mutant enzymes (Table 4). The ' V measured against S" plots 
followed Michaelis-Menten kinetics at two enzyme concen- 
trations up to the highest limit of substrate solubility, and 
the calculated K,, values were the same as those obtained for the 
wild-type control. Although the V. values alone were sub- 
stantially lowered, the value for Asp***Glu //-galactosidase was 
twice that of the Asp?"Asn /-galactosidase, a result that 
reinforces a putative role for Asp?** in the active site of the 
enzyme. 


Immunofluorescence localization of mutant //-galactosidases 


On the basis of the above results, the residual activity in the 
patient's cells should be no less than 50°, (activity from 
Arg'"*Ser) if all the enzyme synthesized were to arrive in the 
Ivsosome, with subsequent stabilization there. However, as shown 
in Figure l, the patient's fibroblasts consistently displayed 
negligible amounts of /-galactosidase activity or cross-reacting 
material, suggesting that the bulk of the synthesized enzyme 
either does not reach this compartment or is rapidly degraded 
upon its arrival. The Arg'"Ser mutation replaces a bulky, 
positively charged residue with a smaller and less polar one, and 
a Garnier plot predicts a change in the conformation of the 
protein, i.e. the resulting protein is at least partially misfolded 
and, on the basis of studies with other lysosomal hydrolases [28]. 
might be degraded in the ER. However, the Asp***Asn mutation 
does not alter the Garnier plot, suggesting only a minor effect on 
folding. To address these questions, we used immunofluorescence 
to examine the localization of the individual mutant enzymes. 
For the Arg'"Ser mutant, the bulk of the protein was found in 
the perinuclear network (Figure 5B). consistent with its 
localization in the ER, with a barely discernible reaction in 
lysosomes. The Asp*“*Asn /-galactosidase was also found prin- 
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cipally in the perinuclear area in the transiently transfected COS- 
1 cells. Lysosome localization was more discernible, although 
still significantly lower than normal (Figure 5A). The bulk of the 
wild-type control enzyme was found in the endosome—lysosome 
compartment, as expected (Figure 5A and 5C). In the perma- 
nently transfected CHO cells (Figure 5C), the bulk (approx. 
70%) of the wild-type immunoreaction was localized to the 
endosome—lysosome compartment, with 30 % detected in the ER 
(Figure 5C). In contrast, about 65% of the Asp*"Asn f- 
galactosidase and 50% of the Asp**Glu /-galactosidase were 
found in the ER. Since it could be argued that stability of mutant 
human f-galactosidase in these hosts might be compromised by 
the absence of protective protein/Cathepsin A and neur- 
aminidase, key members of a complex found in lysosomes that 
affect the stability and processing of f-galactosidase, we examined 
the immunolocalization of the enzyme in the patient's fibroblasts 
in the presence and absence of leupeptin. This potent inhibitor 
of lysosomal thiol proteases has no effect on conversion of 
f-galactosidase from the precursor into the mature form or its 
ability to form the complex, but does slow its rate of degradation 
[9]. Furthermore, since the Arg! Ser mutation results in an 
active enzyme, we postulated that slowing its degradation might 
foster its stabilization via complex formation and result in a 
significant increase in activity in the cells. However, in the 
presence of leupeptin, the level of f-galactosidase activity 
remained negligible 1n the patient's cells, and only a small but 
detectable increase was noted in the amount of precursor on the 
basis of the result of a Western blot (results not shown). Although 
the intensity of immunostaining in the patient's cells (Figures 6C 
and 6D) was significantly less than in the control (Figures 6A and 
6B), an increased cell immunoreactivity of the patient was 
detectable in the presence of leupeptin, and was localized to both 
the ER and the endosomal-1ysosomal compartment (Figure 6D). 
These findings are 1n complete accordance with our 1mmuno- 
localization (Figure 5), and other expression, studies (Tables 2 
and 3). 


DISCUSSION 


Although our studies focus on the mutations and their impact on 
the fate of the resulting protein from case 1, G,, gangliosidosis 
cases 2 and 3, used as positive controls in this study, and indeed 
in all of the cases we have studied to date (at least 10) where 
mutations are of the missense type, also have little or no precursor 
or mature f-galactosidase protein. The reasons for this are 
readily apparent from the expression and immunofluorescence 
studies included in the present report, and are able to be 
generalized, at least in part. Transient expression of the Arg!**Ser 
and the Asp***Asn mutations in COS-1 and CHO cells results in 
proteins that are largely confined to the perinuclear area of the 
cell, specifically the ER, presumably because they are not folded 
to the lowest energy state compatible with its complex quality- 
control system, and are subsequently degraded there. A small 
fraction of the enzyme survives, and reaches the lysosome. This 
alone might account for the low levels of enzyme protein and 
minimal enzyme activity in the fibroblasts. Of the approximately 
29 missense mutations in the £-galactosidase gene that have been 
reported, few have been studied by expression in host cells where 
assays such as Western-blotting or immunofluorescence were 
included (reviewed in [10]). Consequently, details on the impact 
of many of these mutations on the active site or intra-organellar 
transit of f-galactosidase must be inferred with little information 
known directly about how these mutations affect folding of the 
enzyme in the ER. However, recently Bradford et al. [29] 
expressed a Cys?"'Thr mutation in the gene for N-acetyl- 
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galactosamine 4-sulphatase, the enzyme deficient 1n Maroteaux- 
Lamy disease (MPS VI), and found that, although the enzyme 
was synthesized normally and was active, 1t was nonetheless 
rapidly degraded in an early-ER compartment. Their data are in 
agreement with the present findings. 

Transient overexpression in COS-1 cells allowed us to readily 
discriminate mutations affecting catalytic activity from those 
that did not, because in both instances the high levels of protein 
produced forced the folding of the enzyme generating substantial 
amounts of active (as in the case of Arg!f*Ser) or inactive (as with 
Asp""Asn) enzyme However, in the CHO cells, the vector- 
directed rate of synthesis of the recombinant enzymes is much 
lower than in COS-] cells, and does not exceed the quality- 
control system of the ER in this cell type [30-32]. Consequently, 
because of the predicted alteration in the folding arising from the 
Arg!*'Ser mutation, and consistent with our fibroblast results, 
total activity resulting from this construct was much lower in 
CHO cells (11 94 of normal) compared with COS-1 cells. In the 
case of the Asp**?*Asn mutation, although the Garnier plot does 
not predict a major alteration in conformation, a significant 
proportion of the enzyme nevertheless was localized to the ER, 
reinforcing the view that the ER quality-control system 1s 
exquisitely sensitive, even to slightly misfolded proteins. Taken 
together, these results indicate that both the Asp***Asn and the 
Arg'*5Ser mutations alter the conformation sufficiently such that 
the newly synthesized enzyme precursor cannot readily exit the 
ER, and a substantial proportion 1s degraded there. We have 
previously shown in both normal and galactosialidosis-affected 
fibroblasts that treatment with leupeptin results in increased 
levels of precursor and mature lysosomal forms of f-galactosidase 
by decreasing their rate of degradation [9] Since there was no 
measurable enhancement of f-galactosidase activity in fibroblasts 
from the proband under these conditions, this suggests that little 
of the enzyme synthesized actually reaches this organelle, thus 
supporting the conclusion that the mutations in this patient 
result in degradation of the enzyme in a pre-lysosomal com- 
partment, i.e the ER. Earlier studies predicted that secretory and 
plasma membrane proteins that were not folded absolutely 
correctly were retained and degraded in the ER [33,34]. Another 
example 1s provided by Tay-Sachs disease, caused by mutations 
affecting the a-subunit of hexosaminidase A, where of the 87 
missense mutations described to date only a-Arg’’*His results in 
near-normal amounts of cross-reacting material in lysosomes of 
fibroblasts [35]. 

Our identification of Glu*** as the catalytic nucleophile in 
human f-galactosidase [8], confirming the catalytic mechanism 
as a Koshland double-displacement reaction [7], means that 
substrate hydrolysis occurs via a nucleophilic attack, with 
formation of an a-linked galactosyl-Glu™ intermediate. In this 
mechanism, which is comparable with that established for 
Escherichia coli fj-galactosidase [36], the degalactosylation re- 
action requires a second acidic amino acid, the acid /base catalyst, 
for the release of the galactosyl moiety, accompanied by the 
addition of water and retention of the f-configuration [7,8]. 
Purified Asp?*Asn Z-galactosidase and Asp**Glu Z-galacto- 
sidase mutant enzymes display at least a 270-fold and 110-fold 
lower level of catalytic activity, respectively, compared with the 
wild-type precursor. The fact that both the mutant enzymes 
result in major decremental effects on the V... parameter, but 
not on the K,, value, in the presence of a significant amount of 
expressed protein provide suggestive evidence that Asp??! has a 
role in the active site. Because the host CHO enzyme cannot be 
easily separated from the expressed human enzymes under the 
affinity-column conditions, at least a portion of the residual 
activity must be attributed to the CHO enzyme. Whether Asp??? 


might serve as the second residue in the catalytic mechanism 
cannot be ascribed with certainty until the contaminating host 
cell enzyme is decreased to a minimum and the roles of the only 
other strictly conserved acidic residues (such as Glu!**, Glu!*5, 
Glu" and Gl]u???) have been defined. We now have preliminary 
evidence that conversion of Glu*?? has no effect on enzyme 
activity, and we have found that introducing a hexahistidine 
epitope tag at the C-terminal end of the protein has no effect on 
enzyme activity (S. Zhang and J. W. Callahan, unpublished 
observations), thus offering a solution to these problems. It is 
noteworthy that Asp? resides in an ll-amino-acid motif 
(-Thr** to Glu**-), where the five-member sequence containing 
Asp?*! (-Thr Ser Tyr! Asp?3?Tyr33?-) and Glu??? are absol- 
utely conserved in all species in the family (Family 35, as defined 
by Henrissat [37—40]), which also includes mouse [41], dog [42] 
and a series of plant f-galactosidases (asparagus, apple, As- 
pergillus and other plants) [8]. Of the many missense mutations 
defined to date (reviewed in [10], only Asp**Asn, recently 
identified by Giuliani and co-workers [43], and Glu***Gly, identi- 
fied by Boustany et al. [44], involve acidic residues. Asp?! is 
not conserved in these #-galactosidases, and resides outside the 
major conserved domains in the protein, while Glu***Gly occurs 
in the C-terminal region of the protein, a part of the enzyme that 
is removed during intra-lysosomal processing to the mature 
enzyme and is therefore unlikely to play any role in the catalytic 
mechanism. In summary, we have defined new mutations in the 
f-galactosidase gene in a single case of Gp gangliosidosis, and 
have shown that, by expressing them in different host cells, 1t is 
possible to discriminate those that have effects primarily on the 
catalytic activity from those that have an effect on enzyme 
folding in the ER. We also show in the case of Asp***Asn that a 
single mutation can affect both the enzyme's ability to be 
transported out of the ER and its catalytic activity. 
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Possible interference between tissue-non-specific alkaline phosphatase with 
an Arg™ — Cys substitution and a counterpart with an Asp?" — Ala 
substitution found in a compound heterozygote associated with severe 


hypophosphatasla 
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Tissue-non-specific alkaline phosphatase (TNSALP) with an 
Arg** — Cys (R54C) or an Asp?" + Ala (D277A) substitution 
was found in a patient with hypophosphatasia [Henthorn, 
Raducha, Fedde, Lafferty and Whyte (1992) Proc. Natl. Acad. 
Sci. U.S.A. 89, 9924-9928]. To examine effects of these missense 
mutations on properties of TNSALP, the TNSALP mutants 
were expressed ectopically in COS-1 cells. The wild-type 
TNSALP was synthesized as a 66-kDa endo-f-N-acetylglucos- 
aminidase H (Endo H)-sensitive form, and processed to an 
80-kDa mature form, which is anchored to the plasma membrane 
via glycosylphosphatidylinositol (GPI). Although the mutant 
proteins were found to be modified by GPI, digestion with 
phosphatidylinositol-specific phospholipase C, cell-surface bio- 
tinylation and immunofluorescence observation demonstrated 
that the cell-surface appearance of TNSALP (R54C) and 
TNSALP (D277A) was either almost totally or partially retarded 
respectively. The 66-kDa Endo H-sensitive band was the only 
form, and was rapidly degraded in the cells expressing TNSALP 
(R54C). In contrast with cells expressing TNSALP (R54C), 


where alkaline phosphatase activity was negligible, significant 
enzyme activity was detected and, furthermore, the 80-kDa 
mature form appeared on the surface of the cells expressing 
TNSALP (D277A). Analysis by sedimentation on sucrose 
gradients showed that a considerable fraction of newly syn- 
thesized TNSALP (R54C) and TNSALP (D277A) formed large 
aggregates, indicating improper folding and incorrect oligomeri- 
zation of the mutant enzymes. When co-expressed with 
TNSALP (R54C), the level of the 80-kDa mature form 
of TNSALP (D277A) was decreased dramatically, with a con- 
comitant reduction in enzyme activity in the co-transfected cell. 
These findings suggest that TNSALP (R54C) interferes with 
folding and assembly of TNSALP (D277A) m trans when 
expressed in the same cell, thus probably explaining why a 
compound heterozygote for these mutant alleles developed severe 
hypophosphatasia. 


Key words: autosomal recessive, degradation, glycosylphospha- 
tidylinositol, missense mutation. 





INTRODUCTION 


Hypophosphatasia 1s an inborn error of metabolism charac- 
terized by defective mineralization of hard tissues and reduced 
levels of alkaline phosphatase activity in tissues and serum [1—3]. 
Mutations in the tissue-non-specific alkaline phosphatase 
(TNSALP) gene cause hypophosphatasia, pointing towards the 
involvement of TNSALP in mineralization of bone and teeth, 
although the precise role that TNSALP plays in mineralization 
remains elusive. The physiological substrate(s) of TNSALP is/are 
also still obscure; however, inorganic pyrophosphate, phospho- 
ethanolamine and 5’-pyridoxal phosphate are potential 
candidates, since levels of these compounds were reported to be 
increased in both serum and urine of patients with hypo- 
phosphatasia. This was supported further by the finding that the 
levels of these phospho-compounds were elevated in serum and 
urine of TNSALP-deficient mice [4]. TNSALP-deficient mice did 
not develop typical skeletal hypomineralization symptomatic of 


the severe form of hypophosphatasia; however, it seems likely 
that mouse TNSALP is involved at least in the maintenance of 
mineralized bone and teeth, and in development of neural tubes 
[4,5]. 

The intracellular transport of proteins, which are ferried to 
their final destinations via vesicular transport, depends on proper 
folding and correct oligomeric assembly in the endoplasmic 
reticulum (ER). Many disease-causing mutations are known to 
impair intracellular transport of proteins by disturbing their 
folding and assembly [6,7]. Mutated proteins, which fail to 
acquire transport-competence, are often retained and eventually 
degraded in the ER [8,9]. Even if misfolded and incorrectly 
assembled proteins manage to exit from the ER, they are recycled 
back to the ER from the intermediate compartment and/or the 
cis-Golgi, ensuring that only correctly folded and oligomerized 
proteins transverse the Golgi stacks and reach the trans-Golgi 
network, where proteins are believed to be sorted for their final 
destinations. 


Abbreviations used: DMEM, Dulbecco's modified Eagle's medium, Endo H, endo-f-N-acetyiglucosaminidase H; ER, endoplasmic reticulum, GPI, 
glycosylphosphatidylinosltol, MEM, minimum essential medium, MG132, benzyloxycarbonyl-.-leucyl-t-leucyl-t-leucinal, PI-PLC, phosphatidylinositol- 
specific phospholipase C; PNGase F, peptide N-glycosidase F, TM, tunicamycin; TNSALP, tissue non-specific alkaline phosphatase, WT, wild-type 
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Recently, there have been an increasing number of reports on 
the mutation of the TNSALP gene associated with hypo- 
phosphatasia [10-19]. Most of the mutations are mussense 
mutations, whereas deletion mutations and mutations in the 
non-coding region, which might affect splicing and promoter 
activity, have also been reported. By studying missense mutations 
associated with hypophosphatasia, it 1s possible to elucidate how 
each amino acid change affects the structure and function of 
TNSALP, leading to an understanding of the mechanism 
whereby the mutations cause hypophosphatasia. During the 
course of our studies on biosynthesis of TNSALP mutants to 
define their molecular defects, we found that TNSALPs with 
either an Ala1*? 2 Thr substitution (A162T) or a Gly?” ^ Asp 
substitution (G317D), which were reported in patients who were 
homozygous for either of these hypophosphatasia alleles, aggre- 
gated ın an early stage of the secretory pathway and, con- 
sequently, the TNSALP mutants largely failed to reach the cell 
surface, where they are thought to act as a glycosylphospha- 
tidylinositol (GPI)-anchored ectoenzyme [20,21]. In the present 
study, we examined TNSALP (R54C) and TNSALP (D277A), 
both of which were found in a patient who developed severe 
hypophosphatasia. When separately expressed, TNSALP (R54C) 
was degraded in the cell, whereas TNSALP (D277A) partially 
appeared as a functional enzyme on the surface of cells expressing 
this mutant. However, the assembly and subsequent processing 
of TNSALP (D277A) were found to be markedly impaired, and 
the resultant alkaline phosphatase activity was reduced in cells 
co-transfected with cDNAs for TNSALP (R54C) and TNSALP 
(D277A), thus suggesting that the former exerts trans-negative 
effects on the latter. 


MATERIALS AND METHODS 
Materials 


Express ?*8S?* protein-labelhng mix (> 1000 Ci/mmol) was 
obtained from Dupont-New England Nuclear (Boston, MA, 
U.S.A.), and [1-H]ethanolamine hydrochloride (12.0 Ci/mmol), 
4C-methylated proteins, Protein A-Sepharose CL-4B and the 
Thermo Sequenase fluorescence labelled-primer cycle-sequencing 
kit were from Amersham Pharmacia Biotech (Arlington Heights, 
IL, U.S.A.). Lipofectamine Plus Reagent was from Gibco-BRL 
(Gaithersburg, MD, U.S.A.), immobilized streptavidin was from 
Pierce (Rockford, IL, U.S.A.); aprotinin, baker’s yeast alcohol 
dehydrogenase, BSA, Fast Blue RR salt, naphthol AS-BI phos- 
phate and saponin (Quillaja Bark) were from Sigma Chemical 
Co. (St. Louis, MO, U.S.A.); Pansorbin was from Calbiochem— 
Novabiochem (La Jolla, CA, U.S.A.); rhodamine-conjugated 
goat anti-(rabbit IgG) was from Cappel Laboratories (Malvern, 
PA, U.S.A.); Peptide: N-glycosidase F (PNGase F), various 
DNA-modifying enzymes and restriction endonucleases were 
from New England Biolabs, Inc. (Beverly, MA, U.S.A.) and 
Takara Shuzo (Kyoto, Japan), antipain, chymostatin, elastatinal, 
leupeptin, pepstatin A and benzyloxycarbonyl-r-leucyl-r-leucyl- 
L-leucinal (MG132) were from the Protein Research Foundation 
(Osaka, Japan); phosphatidylinositol-specific phospholipase C 
(PI-PLC) was from Funakoshi Co. (Tokyo, Japan); bovine liver 
catalase and tunicamycin (TM) were from Wako Pure Chemi- 
cal Co. (Tokyo, Japan); sulphosuccinimidyl-N-(p-biotinyl)-6- 
aminohexanoate was from Dojindo Laboratones (Kumamoto, 
Japan); and endo-f-N-acetylglucosaminidase H (Streptomyces 
griseus; Endo H) was from Seikaguku Kogyo (Tokyo, Japan). 
Lactacystin was purified as described previously [22]; antiserum 
against rat TNSALP or recombinant human TNSALP was 
raised in rabbits, also as described previously [23,24]. COS-1 cells 
were cultured in Dulbecco's modified Eagle's minimum essential 
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medium (DMEM) supplemented with 10% (v/v) fetal-bovine 
serum [20]. 


Plasmids and transfection 


Construction of pSG5-TNSALP (Stratagene, San Diego, CA, 
U.S.A.) encoding a full-length cDNA for wild-type (WT) human 
TNSALP was as described previously [20]. Point mutations were 
introduced at desired sites using a Takara Mutan K kit (Takara 
Shuzo, Kyoto, Japan). Oligonucleotides used were. 5’-CGGC- 
TGCCIGCATCCTCA-3’ for the C387T (R54C) mutation, 
and 5'-GCCAGGGGCCATGCAGTA-3' for A1057C (D277A). 
Mutations were verified by restriction-enzyme digestion, and 
nucleotide sequences of mutation sites were determined 
further by the dideoxynucleotide chain-termination method 
using a Thermo Sequenase fluorescence-labelled-primer cycle- 
sequencing kit with 7-deaza-dGTP. pSG5-TNSALP(AI162T) 
encoding TNSALP with an Ala!9?— Thr substitution [10], 
which was found in a patient who was homozygous for this 
mutation, was constructed as described previously [20]. For 
transfection, plasmids were prepared using a plasmid Midi kit 
(Qiagen, Hilden, Germany). Cells were transfected using Lipo- 
fectamine Plus, essentially as described in the manufacturer's 
protocol. COS-1 cells [(1.0-1.4) x 10*] were inoculated into 
35-mm dishes approx. 24 h before transfection. Unless otherwise 
stated, 1 ug of each plasmid was used for a single transfection 
experiment. After 3 h of incubation with Lipofectamine-plasmid 
complex, the medium was replaced with 2 ml of DMEM supple- 
mented with 10% (v/v) fetal-bovine serum, and the cells were 
incubated further for 24 h before use. 


Metabolic labelling and Immunoprecipitation 


For pulse-chase experiments, cells were preincubated for 0.5— 
l h in methionine-free minimum essential medium (MEM), and 
labelled with 50-100 Ci of [**S]methionine for 0.5 h in fresh 
methionine-free MEM. After a pulse period, cells were washed 
and chased in MEM as described previously [20,21]. Where 
indicated, cells were preincubated for 1h in the presence of 
2 ug/ml of TM, and labelled with [*S}methionine while ın its 
presence. For specific labelling of the GPI-anchor moiety of 
TNSALP, cells were pre-incubated in MEM for 1 h and then 
labelled with 300 4Ci of [?H]ethanolamine in MEM for 6 h. To 
prevent degradation of TNSALP mutants, lactacystin (10 4M) 
was included throughout the course of the experiment. The 
medium was removed, and cells were washed with cold PBS and 
lysed in 0.5 ml of lysis buffer [1% (w/v) Triton X-100/0.5 95 
(w/v) sodium deoxycholate/0.05% (w/v) SDS in PBS], as 
described previously [20]. A protease inhibitor cocktail (antipain, 
aprotinin, chymostatin, elastatinal, leupeptin and pepstatin A) 
was added to cell lysates and media (10 ug of each/ml). The 
lysates were incubated for 20 min at 37 °C to extract TNSALP. 
The lysates and media were centrifuged at 15000 g for 10 min to 
remove insoluble materials and incubated with 20—40 ul of a 
10% suspension of Pansorbin (fixed Staphylococcus aureus cells) 
for 30 min. The precleared supernatants were mixed with 50 ul of 
powdered skimmed milk (5 % in PBS) and incubated with 34 ul 
of anti-TNSALP serum for 3-16 h. The immune complexes were 
collected on 30-40 ul of Protein A-Sepharose (50 95 suspension 
in PBS) by shaking for 1 h, washed once with the lysis buffer, and 
then washed extensively as described before [20]. The immune 
complexes/Protein A beads were either used for digestion with 
Endo H or PNGase F or directly boiled in Laemmli's sample 
buffer [25] in the absence or presence of 2-mercaptoethanol, and 
then analysed by SDS/PAGE [9 % (w/v) gels]. Gels were fixed 
and processed for fluorography as described previously [20]. 


Sucrose-density-gradient centritugation 


Metabolically labelled cells were lysed as described above and 
incubated at 37°C for 20 min. The clarified cell lysates were 
loaded on to continuous sucrose-density gradients [5 ml, 5-35 % 
(w/w) sucrose in 10 mM Tris/HCl, pH 7.5, containing 150 mM 
NaCl and 0.2 % (v/v) Triton X-100] and centrifuged for 18 h at 
4°C in an MLS-50 Rotor (Beckman Coulter, Fullerton, CA, 
U.S.A.) at 45000 rev./min (163000 g). Twelve fractions of 0.4 ml 
were collected from the top. Of each fraction, 50 ul was used for 
the alkaline phosphatase assay; 300 ul of each fraction was 
diluted 3-fold with the lysis buffer and subjected to immuno- 
isolation. 


Enzyme digestions 


For PI-PLC digestion, metabolically labelled cells were washed 
three times with MEM and subsequently incubated with 0.2 unit 
of PI-PLC in 0.7 ml of MEM for 1h in a CO, incubator [20]. 
Media were harvested and centrifuged at 5000 e for 5 min to 
remove detached cells. The resultant supernatants were subjected 
to immunoisolation as described above. For digestion with Endo 
H, immune complexes collected on Protein A beads were washed 
once with distilled water, divided into two equal parts, and then 
suspended in 50 ul of 50 mM acetate buffer, pH 5.5, in the 
presence of the protease inhibitor cocktail. Enzyme digestions 
were performed in the absence or presence of 0.2 unit/ml Endo 
H at 37°C for 16h. Then, immune complex/Protein A beads 
were washed once with distilled water and boiled 1n Laemmli’s 
sample buffer [25]. For PNGase F digestion, immune complexes/ 
Protein A beads were boiled in PBS containing 1% (w/v) SDS 
for 3 min, and centrifuged. Then the resultant supernatants were 
diluted 10-fold with 1% Nonidet P-40 and incubated ın the 
absence or presence of 1000 units/ml of PNGase F at 37 °C for 
16 h, as described previously [20,24]. 


Cell-surface biotinylation 


Biotinylation was performed essentially as described previously 
[20]. Metabolically Jabelled cells were washed three times with 
20 mM Hepes buffer, pH 7.3, containing 150 mM NaCl and ın- 
cubated on ice with 0 5 mg/ml of sulphosuccinimidylbiotin in the 
same buffer for 15 min. This step was repeated once more. After 
the biotinylation reagent was removed, the cells were incubated 
further with the same buffer containing 20 mM glycine on ice for 
10 min. Cells were washed with PBS and lysed in 0.5 ml of the 
lysis buffer containing the protease inhibitor cocktail. The lysates 
were warmed at 37 °C for 20 min and centrifuged at 15000 g for 
10 min. The resultant supernatants were subjected to immuno- 
isolation as described above. The immune complexes/Protein 
A-Sepharose were then divided into two equal parts: one was 
directly boiled in Laemmli's sample buffer, whereas the other 
was boiled in 50 zl of PBS containing 1% SDS and centrifuged. 
The resultant supernatant was adjusted to final concentrations of 
1% Nonidet P40 and 0.05% SDS, and incubated further with 
40 ul of streptavidin beads (50% slurry) at 4 °C overnight. The 
biotinylated TNSALP/streptavidin beads were washed exten- 
sively, and then boiled in Laemmli’s sample buffer [25]. 


Determinations of protein and alkaline phosphatase activity 


Cells were homogenized in 50 mM Tris/HCl, pH 7.5, using a 
small glass homogenizer with a Teflon pestle. Aliquots were used 
for the determination of enzyme activity and protein concen- 
tration. Alkaline phosphatase was assayed using p-nitrophenyl 
phosphate as a substrate [26] (1 unit of activity is defined as nmol 
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of substrate hydrolysed per min at 37 °C). Protein was assayed 
using a Bio-Rad protein assay kit (Hercules, CA, U.S.A.) with 
BSA as a standard. 


Immunofluorescance 


COS-1 cells grown on cover slips in a 35-mm dish were transfected 
with 1.0 ug of plasmid as described above. After 24 h, the cells 
were fixed with 495 (w/v) paraformaldehyde in PBS for 20 min 
at room temperature. The cells were incubated further with PBS 
in the absence or presence of 0.1 95 (w/v) saponin for 20 min on 
1ce. Then intact cells and permeabilized cells were incubated with 
PBS containing 5% skimmed milk ın the absence or presence of 
01% saponin at 4 ?C overnight. The cells were incubated first 
with anti-TNSALP serum, and then with rhodamine-conjugated 
goat anti-rabbit IgG. The cover slip was washed with PBS, 
mounted on a slide glass with 50% (w/v) glycerol in distilled 
water, and subjected to microscopic observations. 


Enzyme hlstochemistry 


COS-1 cells expressing TNSALP mutants on cover slips were 
stained for alkaline phosphatase activity according to the method 
of Burstone [27]. Cells were fixed with 4% (w/v) paraformal- 
dehyde in PBS for 30 min on ice and washed three times with 
0.1 M Tris/HCl], pH 8.5 Then the cells were incubated with a 
mixture of 3 mg of naphthol AS-PI as a substrate and 18 mg of 
Fast Blue RR salt dissolved in 30 ml of 0.1 M Tns/HCl (pH 8.5) 
at room temperature for 5 min. The cells were counterstained 
with Methyl Green. 


RESULTS 
Enzyme activities of COS-1 celis expressing TNSALP mutants 


COS-1 celis do not express a significant amount of endo- 
genous TNSALP, allowing us to analyse molecular properties 
of TNSALP mutants that are expressed ectopically in the cells 
[20]. To examine effects of amino acid substitutions on the 
catalytic properties of TNSALP, COS-1 cells transiently expres- 
sing either the WT or two mutants, TNSALP (R54C) or TNSALP 
(D277A), were homogenized and assayed for alkahne phos- 
phatase activity. For comparison, TNSALP (A162T) was also 
expressed in COS-1 cells and assayed for enzyme activity. 
TNSALP (A162T) was found in a patient who was homozygous 
for this mutation [10]. As shown in Table 1, TNSALP (WT) 
showed the highest specific activity among the four TNSALPs. 
In contrast, the enzyme activity level of cells expressing TNSALP 
(R54C) was found to be the same as that of untransfected COS- 
1 cells, suggesting that this mutant is synthesized in a non-active 


Table 1 Enzyme activity of cells expressing TNSALP mutants 


COS-1 cells expressing the WT TNSALP or the TNSALP mutants were homogenized and 
assayed for alkaline phosphatase activity, as descnbed in the Materials and methods section 
Values are averages of two experiments od, not determined 


Enzyme activity Ka 
Plasmid (nmol/min per mg of protein) (x 104 M) 
None 30 nd 
TNSALP (WD 3080 2.3 
TNSALP (R54C) 35 nd 
TNSALP (D277A) 1075 35 
TNSALP (A182T) 749 13 
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Figure 1 Acquisition of Endo-H resistance of the TNSALP mutant 
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(A) Cells transfected with the cDNA encoding TNSALP (WT) (Wild), TNSALP (R54C) or TNSALP (D277A) were pulse-labelled with [^S methionine for 0.5 h and chased for 1 h, 2 h or 4 h. Cell 
lysates were subjected to immunoisolation and the immune complexes were incubated in the absence ( — ) or presence (+) of Endo H. Fach sample was analysed by SOS/PAGE/fluorography. 
The furthermost lane on the teft shows '4C-methylated protein markers: 97.4-kDa and 66-kDa, from the top of the gel. (B) Cells transfected with the cDNA for TNSALP (WT) were pulsed-labelled 
with [?S]methionine for 0.5 ^ and chased for 1 h in the absence or presence of TM. Cell lysates were subjected to immunoisolation and the immune complexes were incubated in the absence 


(— or presence (+) of PNGase F. Each sample was analysed by SOS/PAGE/fluoragraphy. 


form. The specific activity of cells expressing TNSALP (D277A) 
was roughly one-third of that of cells expressing the WT. We also 
confirmed that TNSALP (A162T) exhibited a low but significant 
enzyme activity, as reported previously [20]. A, values of 
TNSALP (D277A) and TNSALP (A162T) determined by the 
Lineweaver-Burk method were similar to that of TNSALP 
(WT), indicating that replacement of aspartate at position 277 or 
alanine at position 162 with alanine or threonine respectively 
does not significantly affect the substrate affinity of TNSALP. 


Intracellular transport of TNSALP mutants 


To examine effects of amino acid substitution on biosynthesis of 
TNSALP, COS-1 cells transiently expressing either TNSALP 
(WT) TNSALP (R54C) or TNSALP (D277A) were meta- 
bolically labelled with [?S]methionine for 0.5 h and chased for 
up to 4 h. TNSALP were immunoprecipitated, further incubated 
in the absence or presence of Endo H and analysed by SDS/ 
PAGE, followed by fluorography. We reported previously that 
at least three of five potential N-linked glycosylation sites of the 
WT human TNSALP are N-glycosylated when it is expressed in 
COS-1 cells [20]. TNSALP (WT) was synthesized as a 66-kDa 
Endo H-sensitive form, and became an 80-kDa Endo H-resistant 
mature form along with chase times (Figure 1 A). Upon digestion 
with PNGase F, which cleaves the linkage between the innermost 
N-acetylglucosamine and asparagine residue of high-mannose, 
hybrid and complex oligosaccharides from N-linked glyco- 
proteins, the 66-kDa and 80-kDa forms migrated to the same 
position (Figure 1B), indicating that the size difference was due 
to modification of N-linked sugar chains. In contrast, TNSALP 
(R54C) remained Endo H-sensitive, and the 80-kDa mature 
form was barely detectable throughout the chase time (Figure 
1 A), pointing towards a block in transport of this mutant from 
the ER to the Golgi, where N-linked oligosaccharides of glyco- 
proteins become Endo H-resistant. It is evident that TNSALP 
(D277A) was processed to give rise to the 80-kDa mature form 
at almost the same rate as was the WT enzvme (Figure 1A). It is 
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noteworthy that the intensity of the 66-kDa form of both 
TNSALP (R54C) and TNSALP (D277A) declined progressively 
as the chase time increased, reflecting its degradation within the 
cell. Lactacystin and MG132, as proteasome inhibitors, strongly 
inhibited the degradation of the 66-kDa form (results not shown), 
as reported in the case of TNSALP (G3217D) [21]. 


Cell-surface appearance of TNSALP mutants 


TNSALP (WT) is anchored to the cell surface via GPI and is 
believed to function as an ectoenzyme. To examine whether the 
TNSALP mutants are expressed on the cell surface via GPI, 
COS-1 cells expressing either the WT or the mutants proteins 
were incubated with PI-PLC, which renders membrane-bound 
GPLanchored proteins released from the cell surface [28,29]. 
Upon incubation with PI-PLC, both TNSALP (WT) and 
TNSALP (D277A) were recovered in the medium, where- 
as TINSALP (R54C) was not detected in the medium (Figure 2A), 
indicating that TNSALP (WT) and TNSALP (D277A), but not 
TNSALP (R54C), are exposed on the cell surface via GPI. We 
then asked whether the disappearance of TNSALP (R54C) on 
the cell surface is due to failure in terms of the modification by 
GPI. Under conditions where GPI attachment is in some way 
inhibited, precursor proteins of GPlI-anchored proteins are 
known to be retained and subsequently degraded in the ER /pre- 
Golgi compartment [30-33]. The transfected cells were meta- 
bolically labelled with [H]ethanolamine, a component of GPI, 
before cell lysis and TNSALP immunoprecipitation, as shown in 
Figure 2(B). In this experiment, lactacystin was included through- 
out to inhibit the degradation of the TNSALP mutants. Not only 
the 80-kDa mature forms of TNSALP (WT) and TNSALP 
(D277A), which were sensitive to PI-PLC digestion (Figure 2A), 
but also the 66-kDa form of TNSALP (R54C) were labelled by 
l'Hlethanolamine, indicating that TNSALP (R54C) is modified 
by GPL like TNSALP (WT) and TNSALP (D277A). Another 
TNSALP mutant with an Ala!5* Thr substitution, which 
showed a lower specific activity relative to TNSALP (D277A) 
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Figure 2 Modification of TNSALP mutants by GPI 


(A) Celis transfected with the cDNA encoding TNSALP (WT) ( Wild’), TNSALP (R54C) or 
TNSALP (D277A) were labelled with [$ S]methionine for 3h. The cells were washed and 
incubated further in the absence (—~} or presence (+ ) of P-PLC, as described in the Materials 
and methods section. Media were subjected to immunoisolation and analysed by SDS/ 
PAGE/fluorography, (B) Cells transfected with the cDNA encoding TNSALP (WT) (W), TNSALP 
(R54C), TNSALP (0277) or TNSALP (A162T) were labelled with 50 Ci of [S]methionine 
of 300 Ci of [*Hjethanolamine for 6 h. Lactacystin (10 2M) was included throughout the 
experiments to prevent the degradation of the TNSALP mutants. Cell lysates were subjected to 
immunoisolation and analysed by SDS/PAGE/fiuorography. The left lane shows "C. 
methylated protein markers (from the top of the gel, 200, 97.4. 66, 46, 30 and 14.3 kDa). The 
bands marked by an asterisk presumably represent phosphatidylethanolamine, The samples 
ware run on the same gel: the left half of the gel was exposed for 2 weeks, while the other 
half was exposed for a month. 


(Table 1), was also intensely labelled with [*H]ethanolamine in 
the presence of lactacystin, whereas this mutant was only weakly 
labelled in its absence [20]. 

Cell-surface expression of the TNSALP mutants was studied 
further by labelling transfected cells with biotin (Figure 3). 
Metabolically labelled cells were first incubated with biotin 
succinimidyl ester, which reacts with exposed lysine residues on 
proteins on the cell surface, then cellular TNSALP was immuno- 
precipitated with anti-TNSALP antibody. Subsequently, bio- 
tinylated TNSALP was separated from intracellular TNSALP 
using a streptavidin resin. In good agreement with the result of 


total TNSALP cell surface 
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Figure 3 Cell surface biotinylation 


Cells transfected with the cDNA encoding TNSALP (WT) (W), TNSALP (R54C) or TNSALP 
(D277A) were labelled with [$ S]methionine for 6 h. The cells were incubated further with biotin 
succinimidyl ester on ice, as described in the Materials and methods section. Cell lysates were 
subjected to immunoisolation. The immune complexes were divided into two equal parts: one 
part was directly analysed by SDS/PAGE, whereas the other was boiled and incubated further 
with streptavidin beads before analysis. Left fane: the same '4C-methylated protein markers 
as shown in Figure ZB} 


PI-PLC digestion (Figure 2A), the 80-kDa form of both TNSALP 
(WT)and TNSALP (D277A) were labelled with biotin, although 
TNSALP (D277A) was expressed on the cell surface to a 
considerably lesser extent than was TNSALP (WT). In contrast, 
the 66-kDa form of TNSALP (R54C) was not reactive to 
streptavidin, confirming that TNSALP (R54C) failed to reach 
the cell surface. 

Immunofluorescence observation showed that TNSALP (WT) 
and TNSALP (D277A) were localized on the surface of trans- 
fected cells, while the surface of the cells expressing TNSALP 
(R54C) were largely devoid of immunofluorescence (Figure 4). 
When cells were permeabilized, TNSALP (R54C) was found to 
be accumulated in the intracellular reticular network resembling 
the ER. Occasionally, we encountered a cell expressing TNSALP 
(R54C) on the cell surface under a microscope (results not 
shown). It is probable that the number of cells subjected to the 
cell-surface staining was too small to be detectable by means of 
biochemical methods. 


Co-transfection with the cDNA constructs for TNSALP mutants 


Purified TNSALPs have been reported to exist as a homodimer 
[23,34—36]. although a tetrameric structure was also proposed for 
a membrane-bound form of TNSALP [35]. Cells expressing 
TNSALP mutants were metabolically labelled with [°S]- 
methionine, and TNSALP mutants were immunoprecipitated. 
The immunoprecipitates were then analysed by SDS/PAGE 
under reducing or non-reducing conditions (Figure 5A). Ir- 
respective of the absence or presence of a reductant, most 
TNSALP (WT) migrated as the 66- or 80-k Da monomeric form 
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on an SDS/polyacrylamide gel (Figure 5A), indicating that the 
oligomeric structure of the WT TNSALP is held non-covalently 
A small amount of aggregate on the top of the gel was probably 
due to overexpression of the enzyme. Compared with the WT, a 
significantly large amount of aggregate was found in the cells 
expressing TNSALP (R54C). T 
sedimentation-velocity 


us was confirmed further by 


experiments using sucrose-density 


gradients, as described below in Figure 6. Thus a portion of 
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Immunofluorescence of the cells expressing the TNSALP mutants 
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newly synthesized TNSALP (R54C) formed disulphide-bonded 
high-molecular-mass aggregates. Although TNSALP (D277A) is 
able to fold and assembles properly, as shown by its enzyme 
activity (Table |) and the appearance of the 80-kDa mature form 
on the cell surface of the transfected cells (I igures l-3). a 
considerable fraction of newly synthesized TNSALP (D277A) 
was also found INSALP (R54C) 


(Figure 5A). This probably explains why the extent of the cell- 
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Figure 5 Co-transfection with the cDNAs for the TNSALP mutants 


COS-1 cells were transfected with the cDNA encoding the WT TNSALP (W). TNSALP (R54C) or TNSALP (D277A), separately or in combination. (A) Cells were labelled with [°°S]methionine tor 
3 h. Cell lysates were subjected to immunoisolation and the immune complexes were analysed by SDS/PAGE under reducing or non-reducing conditions, followed by tiuorography. When the celis 
were transfected with the cDNA separately, 1 yg of plasmid was routinely used, whereas for celis that were co-transfected with two different cDNAs, 0.5 jg of plasmid was used. Left lane: the 
same '“C-methylated protein markers as shown in Figure 2(B). An arrowhead indicates the position of the top of the resolving gel. (B) The transfected cells were homogenized and assayed for 
alkaline phosphatase activity. (C) The transfected cells were stained for alkaline phosphatase for 5 min at room temperature, as described in the Materials and methods section The arrow indicates 
a single cell showing alkaline phosphatase activity 
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Figure 6  Sucrose-density-gradient centrifugation 
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COS-1 cells were transfected with the cDNA encoding TNSALP (WT) (‘Wild’), TNSALP (R54C) or TNSALP (D277A), separately or in combination. Cells were pulsed-labelled with [°°S|]methionine 
for 0.5 h and chased for 2 h. To prevent the degradation of TNSALP mutants, MG132 (50 aM} was included throughout the course of the experiments. Cell lysates were prepared and ioaded 
on to a 5-35% sucrose gradient and centrifuged, as described in the Materials and methods section. Twelve fractions were collected fram the top (fraction 1) and used for enzyme assays (lower 
panels of gel/histogram pairings: ordinate, alkaline phosphatase activity expressed as units/ml) and immunoprecipitation (upper panels). The left lane of each gel contains ^C -methylated protein 
markers (from the top of the gel. 97.4, 66 and 46 kDa). BSA (b; 68 kDa), alcohol dehydrogenase (a; 141 kDa) and catalase (c; 250 kDa) were loaded on to a separate gradient as molecular- 


mass markers. 


surface appearance of TNSALP (D277A) was less than that of 
TNSALP (WT) (Figures 2 and 3). 

When co-transfected with the cDNA constructs for TNSALP 
(WT) and TNSALP (R54C) (Figure 5A), the 80-kDa mature 
form appeared in the cells, indicating that the latter does not 
seriously perturb maturation of the former. Although the level of 
alkaline phosphatase activity was lower than that of cells 
transfected by TNSALP (WT) alone (Figure 5B), this is because 
only half the amount of the WT plasmid (0.5 ug) was used in the 
co-transfection experiments. Similarly, the 80-kDa mature form 
was detected in cells co-transfected with the cDNA constructs for 
TNSALP (WT) and TNSALP (D277A) (Figure 5A). These 
findings agree with the notion that these mutation are inherited 
in a recessive manner [12]. In contrast, there was a marked 
decrease in the intensity of the 80-kDa mature form of TNSALP 
(D277A) in cells co-transfected with the cDNA constructs for the 
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two mutants (Figure 5A). Consistent with the decrease in the 80- 
kDa mature form, alkaline phosphatase activity was also strongly 
suppressed in cells co-transfected with the cDNAs for the two 
TNSALP mutants (Figure 5B). 

Cytohistochemical staining confirmed the presence of a strong 
alkaline phosphatase activity on the surface of cells transfected 
with cDNA for TNSALP (WT) or TNSALP (D277A) (Figure 
5C). In contrast, cells transfected with cDNA for TNSALP 
(RS4C) were almost deficient in positive staining. although we 
occasionally detected cells expressing alkaline phosphatase (Fig- 
ure 5C, arrow). The strong-activity staining was also observed in 
the cells co-transfected with the cDNAs for the WT and either 
TNSALP (R54C) or TNSALP (D277A). Much weaker staining, 
however, was observed in cells co-transfected with the two 
mutant cDNAs compared with cells transfected with the cDNAs 
for TNSALP (WT) and TNSALP (R54C). A diminished cell- 
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surface appearance of TNSALP (D277A) in the co-transfected 
cells with the cDNAs for the mutants was supported further 
by cell-surface biotinylation (results not shown). Taken together, 
when co-transfected 1n the cells, TNSALP (R54C) exerts a trans- 
negative effect on TNSALP (277A), resulting in a marked 
reduction of the functional enzyme on the cell surface. 


Analysis by sedimentation on sucrose gradient 


To examine directly the oligomeric structure of TNSALP 
molecules in transfected cells, metabolically labelled cells were 
solubilized and proteins were separated by centrifugation on a 
5-35% sucrose gradient. MG132 was included throughout the 
pulse-chase experiments to block the degradation of the mutants. 
The gradient was fractionated and TNSALP was immuno- 
precipitated, before analysis with. SDS/PAGE (Figure 6). 
TNSALP (WT) appeared in a peak at a position expected for the 
dimeric form of the 66- or 80-kDa protein The distribution of 
alkaline phosphatase activity correlated well with that of the 80- 
kDa form of TNSALP. Consistent with Figure 5(a), only the 
66-kDa form was detected in the cells expressing TNSALP 
(R54C) and a considerable proportion of newly synthesized 
TNSALP (R54C) formed high-molecular-mass aggregates (frac- 
tions 10—12). Although TNSALP (D277A) gave a similar sedi- 
mentation pattern to that of TNSALP (WT), obviously the 
proportion of aggregates was increased. The active 80-kDa form 
of the enzyme appeared in the cells co-transfected with the 
cDNAs for TNSALP (WT) and TNSALP (R54C) or TNSALP 
(D277A), confirming that the mutants do not seriously impair 
the oligomenc assembly of the wild-type enzyme. In contrast, 
there was a marked decrease in the level of the 80-kDa form of 
TNSALP (D277A) and a concomitant increase 1n the aggregates 
in the cells co-transfected with the cDNAs for TNSALP 
(R54C) and TNSALP (D277A) (compare Wild/R54C with 
R54C/D277A, top right and bottom right panels of Figure 
5C), strongly suggesting that the former interferes with folding 
and assembly of the latter. 


DISCUSSION 


Folding of a protein is thought to be primarily dictated by its 
amino acid sequence. Thus it is not surprising that replacement 
of a single amino acid with another could influence to varying 
degrees the formation of the functional three-dimensional struc- 
ture of a protein by altering folding and assembly pathway 1n the 
ER [6,7]. 

Both TNSALP (R54C) and TNSALP (D277A) were reported 
in a hypophosphatasia patient who was a compound heterozygote 
for these alleles. Arg™ is evolutionarily conserved, while Asp?” 
is present in all four human alkaline phosphatase isoenzymes, 
but not in Escherichia coli alkaline phosphatase [37-41]. TNSALP 
(WT) was synthesized as the 66-kDa Endo H-sensitive form, and 
underwent processing of N-linked oligosaccharide chains to 
become the 80-kDa Endo H-resistant form, which was anchored 
to the cell surface via GPI. In contrast, TNSALP (R54C) 
remained Endo H-sensitive, formed high-molecular-mass aggre- 
gates and was finally degraded in the cell (probably in the ER), 
reflecting the fact that the replacement of arginine at position 54 
with cysteine causes a major effect on protein folding and subunit 
assembly, such that this mutant failed to acquire transport- 
competence and formed aberrant disulphide-bonded aggregates. 
It remains to be determined whether the substituted cysteine 
residue is directly involved m the formation of interchain 
disulphide linkages. The aggregation and degradation of the 
mutant was not due to a defect in GPI-anchor attachment, since 


the 66-kDa form of the TNSALP mutant was found to be 
labelled with [?H]ethanolamine. As a result, the cells expressing 
TNSALP (R54C) showed only negligible enzyme activity. 

Although a considerable fraction of newly synthesized 
TNSALP (D277A) formed aggregates, as in the case of TNSALP 
(R54C), this mutant also gave rise to the 80-kDa form expressed 
on the cell surface. Once the mutant succeeded in acquiring a 
transport-competence structure, the mutant moved to the Golgi 
at almost the same rate as the WT enzyme, as evidenced by 
acquisition of Endo H, and exhibited a significant alkaline 
phosphatase activity. Since the K,, value of TNSALP (D277A) is 
similar to that of the WT enzyme, the amino acid substitution at 
position 277 does not appear to grossly change the enzyme 
structure required for catalytic activity. Thus it is likely that the 
mutation reduces the probability that TNSALP (D277A) assumes 
a transport-competent structure, although the precise order of 
subunit folding and assembly remains unknown. In this context, 
we cannot exclude the possibility that TNSALP (RMC) also 
acquires transport-competence and is expressed on the cell 
surface, albeit at a much reduced level compared with TNSALP 
(D277A). Cytohistochemically, we detected a few cells exhibiting 
alkaline phosphatase activity in a large number of cells transfected 
with the cDNA for TNSALP (R54C), raising the possibility that, 
once properly folded and correctly oligomerized, an Arg** — Cys 
substitution also does not strongly distort the catalytic domain 
of TNSALP. 

When cells were co-transfected with the cDNA constructs 
for TNSALP (WT) in combination with either TNSALP (R54C) 
or TNSALP (D277A), the 80-kDa mature form appeared in the 
cells, indicating that neither of the mutants seriously perturb 
the intracellular transport of TNSALP (WT). In contrast, when 
cells were co-transfected with the cDNAs for the two mutants, 
the 80-kDa mature form of TNSALP (D277A) almost dis- 
appeared, resulting in a decrease of the enzyme activity. ‘These 
findings strongly suggest that, when expressed in the same cell, 
TNSALP (R54C) interferes in trans with folding and assembly 
of TNSALP (D277A), thus reducing the conversion rate of 
TNSALP (D277A) into a transport-competent structure. Taken 
together, these results suggest that the suppression of alkaline 
phosphatase activity of TNSALP (D277A) by TNSALP (RSC) 
provides the molecular basis for lethal hypophosphatasia, found 
in a patient bearing these two hypophosphatasia alleles. 

The possibility exists that low but significant levels of alkaline 
phosphatase activity detected in the co-transfected cells with the 
cDNAs for two mutants are ascribed to cells expressing only 
TNSALP (D277A), since the present experiments were performed 
on cells transiently expressing the two mutants. Although we 
have succeeded in cloning CHO cells stably expressing TNSALP 
(WT), several attempts to establish CHO clones stably expressing 
TNSALP (R54C) have so far failed, possibly because of the 
cytotoxity of the aggregates of TNSALP (R54C), which probably 
overwhelm the capacity of the lactacystin-sensitive degradation 
pathway in an early stage of the secretory pathway. We are 
currently establishing cell lines that express the mutant protein 
only in response to an external stimulus. 

Recently, two groups have reported that TNSALP with 
substitutions of Phe??! + Leu and Leu??? — Phe exhibit a level of 
activity of 70% and 50% of the WT enzyme respectively upon 
their expression in cells [18,42]. However, it has not been 
determined whether the decrease in enzyme activity of cells 
expressing these TNSALP mutants is due to a quantifiable 
or a qualitative defect in TNSALP biosynthesis. So far we 
have analysed four naturally occurring missense mutations: 
TNSALP (R54C), TNSALP (D277A) TNSALP (A162T) 
and TNSALP (G317D), all of which were found in patients 
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diagnosed with lethal hypophosphatasia (perinatal and infantile 
hypophosphatasia) [20,21] Interestingly, the phenotypes ex- 
hibited by these mutants are more or less similar. These amino 
acid changes seem to retard the folding of the enzyme into 
its normal conformation, resulting in the formation of the 
aggregates. An amino acid change could destabilize folding 
intermediates and alter the equilibrium between a proper 
conformation and aggregates in favour of formation of the 
aggregates. According to this hypothesis, the equilibrium con- 
stants might be different depending upon the site of mutations 
and the nature of the substituted amino acid. Consequently, the 
ratio of native enzyme to aggregates varies from one mussense 
mutation to another [TNSALP (WT) > TNSALP (D277A) > 
TNSALP (A162) > TNSALP (R54C) = TNSALP (G317D)]. 
These TNSALP mutants were known to be inherited in a 
recessive manner. Consistent with this, TNSALP (R54C) or 
TNSALP (D277A) does not seem to significantly affect the 
folding and assembly of WT enzyme when expressed in the same 
cell. However, the co-transfection experiments strongly suggested 
that TNSALP (R54C) interferes in trans with the folding of 
TNSALP (D277A). Although the molecular mechanism under- 
lying this interference event remains unknown, it is possible that 
unfolded intermediates of TNSALP (R54C) associate with those 
of TNSALP (D277A), causing a shift of the equilibrium to rapid 
aggregate formation of the latter. With respect to inheritance, 
some mild forms of hypophosphatasia are reported to be 
autosomally dominantly inherited [43]. If these diseases are 
caused by mutations in the coding region of the TNSALP gene, 
it will be interesting to examine how the mutants exert dominant- 
negative effects on the WT enzyme when expressed in the same 
cell. 
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Human group-V phospholipase A, (hVPLA,) is a secretory 
phospholipase A, (PLA,) that is involved in eicosanoid formation 
in such inflammatory cells as macrophages and mast cells. We 
showed that hVPLA, can bind phosphatidylcholine membranes 
and hydrolyse phosphatidylcholine molecules much more 
efficiently than human group-Ila PLA,, which accounts for its 
high activity on the outer plasma membrane of mammalian celis. 
To understand the molecular basis of the high phosphatidyl- 
choline specificity of hVPLA,, we mutated several residues (Gly- 
53, Glu-56 and Glu-57) that might be 1nvolved 1n interaction 
with an active-site-bound phospholipid molecule. Phospholipid 
head-group specificities of mutants determined using polymerized 


mixed-liposome substrates indicate that a small glycine residue in 
position 53 is important for accommodating a bulky choline 
head group. Also, results 1ndicated that two anionic residues, 
Glu-56 and Glu-57, favourably interact with cationic head 
groups of phosphatidylcholine and phosphatidylethanolamine. 
Together, these steric and electrostatic properties of the active 
site of hVPLA, allow for effective binding and hydrolysis of a 
bulky cationic choline head group of phosphatidylcholine, which 
is unique among mammalian secretory PLA,s. 


Key words: head-group specificity, interfacial catalysis, pro- 
inflammatory enzyme, secretory PLA,, substrate specificity. 





INTRODUCTION 


Phospholipases A, (PLA,) are a large family of ubiquitous 
enzymes that are found both intra- and extracellularly in mam- 
malian tissues. Mammalian secretory PLA,s (sPLA,s) are hom- 
ologous proteins that are divided in a number of groups, Ib, IIa, 
Hc, Ud, He, Hf, V and X, on the basis of minor structural 
differences [1]. All these sPLA,s share the same catalytic mech- 
anism in which Ca** plays an essential catalytic role [2,3]. 
Intracellular PLA,s, including group-IV cytosolic PLA, [4] and 
group-VI Ca"-independent PLA, [5], share no structural hom- 
ology with sPLA,s and have distinct catalytic mechanisms. 
Recent cell studies have indicated that both sPLA,s and cytosolic 
PLA, are involved in eicosanoid production [6,7]. The critical 
involvement of cytosolic PLA, was demonstrated by recent gene- 
knock-out studies [8,9]. However, the nature of pro-inflammatory 
sPLA, is not fully understood. Group-Ia sPLA, has long been 
implicated in inflammation, based on findings that it is 
synthesized and secreted by a variety of cells in response 
to inflammatory cytokines and that it is found in fluids from 
inflammatory exudation [10,11]. Also, group-V sPLA, has been 
shown to be involved in eicosanoid formation from murine 
macrophages and mast cells [12,13]. Recently, we showed that 
human group-V PLA, (hVPLA,) can bind zwitterionic 
phosphatidylcholine (PC) membranes and hydrolyse PC 
molecules much more efficiently than human group-lIla PLA, 
(hIIaPLA,). This suggested that hVPLA, is better suited than 
hIIaPLA, for acting on the outer plasma membranes of mam- 
malian cells that are composed largely of zwitterionic PC and 
sphingomyelin [14]. Our subsequent cell studies demonstrated 
that exogenous hVPLA, has much greater activity than hIIaPLA, 
with respect to releasing fatty acids and eliciting eicosanoid 
formation from various mammalian cells [15]. We also showed 
that a single tryptophan residue (Trp-31) located on the putative 


interfacial binding surface is essential for its high affinity for PC 
membranes [15]. In this study, we performed a structure-function 
analysis on the putative substrate-binding site of hVPLA, to 
identify the residues essential for its unique ability to bind and 
hydrolyse PC molecules. 


EXPERIMENTAL 
Materlals 


1-Hexadecanoyl-2-(1-pyrenyldecanoyl)-sn-glycero-3-phospho- 
choline (pyrene-PC), -ethanolamine (pyrene-PE) and -glycerol 
(pyrene-PG) were purchased from Molecular Probes (Eugene, 
OR, U.S.A.). 1-Hexadecanoyl-2-(1-pyrenyldecanoyl)-sn-glycero- 
3-phosphoserine (pyrene-PS) was prepared by the phospho- 
lipase D-catalysed transphosphatidylation of pyrene-PC and 
purified as described by Comfurius and Zwaal [16]. 1,2-bis 
[12-(Lipoyloxy)dodecanoyl]-5n-glycero-3-phosphoglycerol 
(BLPG) was prepared as described elsewhere [17,18]. Polymerized 
mixed liposomes were prepared by polymenzing large untlamellar 
liposomes (100 nm in diameter) prepared by extrusion as de- 
scribed in [17,18]. Phospholipid concentrations were determined 
by phosphate analysis [19]. Fatty acid-free BSA was from Bayer 
(Kankakee, IL, U.S.A.). All restriction enzymes, T4 ligase, T4 
polynucleotide kinase and isopropyl P-p-thiogalactoside were ob- 
tained from Boehringer Mannheim. Oligonucleotides were 
purchased from Integrated DNA Technologies (Coralville, IA, 
U.S.A.) and used without further purification. 


Mutagenesis and protein expression 


The mutagenesis of hVPLA, was performed using a Sculptor in 
vitro mutagenesis kit from Amersham Pharmacia Biotech and a 
phagemid DNA prepared from the pSK vector in the presence of 


Abbreviations used BLPG, 1,2-bis[12-(lipoyloxy)dodecanoyl]-sr-glycero-3-phosphoglycerol, PLA, phospholipase Ap; sPLA,, secretory PLA,, 
hllaPLA,, human group-lla PLA,, hVPLA,, human group-V PLA,, PC, phosphatidylcholine, PE, phosphatidylethanolamine, PG, phosphatidylglycerol, 
PS, phosphatidylsenne, pyrene-PC, 1-hexadecanoyl-2-(1-pyrenyldecanoyl)-sn-glycero-3-phosphocholine, pyrene-PE, 1-hexadecanoyl-2-(1-pyrenyl- 
decanoyl)-sn-glycero-3-phosphoethanolamine, pyrene-PG, 1-hexadecanoyl-2-(1-pyrenyldecanoyl)-sr-glycero-3-phosphoglycerol, pyrene-PS, 1- 


hexadecanoyi-2-(1-pyrenyldecanoyl)-sn-glycero-3-phosphoserine 
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helper phage R408 as described previously [20]. Proteins were 
expressed in Escherichia coli, refolded and purified to near 
homogeneity (> 90% pure) as described previously [15] and 
stored as lyophilized powder at —20 ?C. 


Kinetic measurements 


The PLA,-catalysed hydrolysis of polymerized mixed liposomes 
was carried out at 37 °C in 2 ml of 10 mM Hepes buffer, pH 7 4, 
containing 0.1 uM pyrene-labelled phospholipids (1 mol 94) in 
9.9 M BLPG, 24M BSA, 0.16 M NaCl and 10 mM CaCl, 
[17,21]. The progress of hydrolysis was monitored as an increase 
in fluorescence emission. at 378 nm using a Hitachi F4500 
fluorescence spectrometer with the excitation wavelength set at 
345 nm. Spectral] band width was set at 5 nm for both excitation 
and emission. Values of k,,,*/K,,* were determined from reaction 
progress curves as described previously [22]. 


RESULTS 


Molecular cloning of group-V PLA,s from different species 
showed that these enzymes, although homologous to group-IIa 
PLA,s, have some unique variations in amino acid sequence [23]. 
Structure-function studies on several sPLA,s have shown that 
residues 53—58, which are located 1n the C-terminal end of a long 
a-helix, are involved in interaction with the phospholipid head 
group [24-28]. As illustrated in Figure 1, hVPLA, has two 
noticeable amino acid substitutions in this substrate-binding site 
when compared with hIIaPLA,; a small Gly-53 and an anionic 
Glu-57 in place of Lys residues. Mouse group-V PLA, also 
contains Gly-53 and Glu-57. We reasoned that these residues are 
responsible for the unique activity of hVPLA, to effectively 
hydrolyse a bulky cationic PC head group. To test this notion, 
we mutated Gly-53 and Glu-57 of hVPLA, to Lys (G53K and 
E57K respectively). We also mutated Gly-53 to Glu (G53D) 
because some sPLA,s have Glu in position 53 [29]. Finally, Glu- 
56 was mutated to Lys (E56K) to see if this residue is involved in 
interaction with cationic PC and phosphatidylethanolamine (PE) 
head groups, as seen with hllaPLA, [26]. Initial attempts to 
prepare these mutants were hampered by extremely low refolding 
efficiency of their solubilized inclusion bodies. To overcome this 
difficulty, we used W79A of hVPLA,, which was shown to be as 


51 60 69 
hIbPLA, CYDQAKKLDSC Y 
hlaPLA; CYKRLEKR-GC K 
hVPLA; CYGRLEEK-GC R 
mVPLA, CYGQLEEK-GC R 
hXPLA; CYTRAEEA-GC K 
AppD49 CYG---KVTGC K 


Figure 1 Partial amino acid sequences of selected sPLA,s, including 
human group-Ib pancreatic PLA, (hibPLA,), hilaPLA,, bVPLA,, mouse group- 
V PLA, (mVPLA,) and human group-X PLA, (DXPLA,), and an Asp-49 PLA, 
from Agkistrodon piscivorus piscivorus (App-DA9) 


Amino acid sequences between two conserved cysteines (Cys-51 and Cys-61) and in position 
69 are shown Mutated residues of hVPLA, are shown in bold type 
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Table 1 Phospholipid bead-group specificity of hVPLA, and mutants 


See the Expenmental section for experimental conditions and methods for calculating rate 
constants Values of &,'/K," represent means-- SD from tnplicate determinations PG, 
phosphatidylglycerol 


ka IK, x 108 (M 87) 


Enzyme Pyrene-PC — Pyrene-PE — Pyrene-PG = Pyrene-PS — PC/PG POPE 
hVPLA, (W79A) 65-F15 48410 95-15 24:06 07 14 
G53K/W79A 12405 49415 115425 184306 01 02 
G53D/W79A 3610 46415 91-10 12-05 04 08 
E56K/W79A 26408 1503 17:508 11404 15 17 
E57K/W79A 20410 18410 100430 17403 02 11 
R69K/W79A 50420 — 50-12 42:20 05402 12 10 
R69Y/W79A 75-40 75430 6540 06403 12 10 
hilaPLA,* 024+01 20403 2804+40 19-04 « 0.01 009 
* From [26] 





active as and much more stable than the wild type [15], as a 
template for mutant preparation (e.g. G53K/W79A). All the 
double mutants produced were expressed in high yields as 
inclusion bodies and their refolding yields were uniformly high 
(1e. > 2 mg/l of culture after purification). 

We then measured the phospholipid head-group specificities of 
the mutants with polymerized mixed liposomes. In the poly- 
merized mixed-liposome system, it is possible to accurately 
determine the head-group specificity of PLA, by varying the 
head-group structure of hydrolysable pyrene-phospholipids in 
an inert polymerized matrix [17,21]. Two zwitterionic phospho- 
lipids, pyrene-PC and pyrene-PE, and two anionic phospholipids, 
pyrene-PG and pyrene-PS, were used as inserts in the BLPG 
polymerized matrix. The anionic BLPG was used as a poly- 
merized matrix because hVPLA,, albeit active on zwitterionic 
membranes, still prefers anionic membranes to zwitterionic ones 
[15]. Values of k,.,*/K,,* determined for the mutants and various 
polymerized mixed liposomes are summarized in Table 1. Note 
that the differences in k,,,*/K,,* values between wild-type and 
mutant enzymes were in general modest and in some cases fell 
within the range of experimental error. Thus a direct comparison 
was made between wild type and mutants for a particular 
substrate only when the difference was large enough to be 
Statistically significant. First of all, the phospholipid head-group 
specificity of W79A was essentially identical with that of wild 
type [14], i.e. pyrene-PG > pyrene-PC > pyrene-PE > pyrene-PS, 
thereby validating the use of this mutant as a wild-type substitute. 
When compared with W79A, G53K /W79A showed a 5.4-fold 
lower activity on pyrene-PC but comparable activities on all 
other pyrene lipids, including zwitterionic pyrene-PE. This 
suggested that the effect of mutation is largely steric and not 
electrostatic. This notion 1s supported by the similar activities of 
G53D/W79A, i.e. 1.8-fold lower activity on pyrene-PC and no 
significant effects on other pyrene lipids. A smaller decrease in 
activity on pyrene-PC for this mutation might simply reflect the 
size difference between Asp and Lys. The mutation of Glu-57 to 
Lys reduced the activity of W79A towards pyrene-PC and 
pyrene-PE by factors of 3.3 and 2.7, respectively, supporting the 
notion that this residue interacts favourably with a cationic head 
group. On the other hand, the activities on pyrene-PG and 
pyrene-PS were changed less significantly. A slight decrease 
in pyrene-PS activity might indicate that Glu-57 also interacts 
favourably with the ammonium group of pyrene-PS. Similarly, 
E56K/W79A exhibited lower activities on pyrene-PC, -PE and - 





PS. Interestingly, however, this mutant also showed much 
reduced activity on pyrene-PG. This is in contrast with the effect 
of the same mutation on hIlaPLA,, which reduced its pyrene-PC 
and pyrene-PE activities but not pyrene-PG activity. Presumably, 
the side-chain orientation of Glu-56 and its interaction mode 
with the phospholipid head group are different in the two 
enzymes. 

As shown in Table 1, hVPLA, is significantly less active than 
hIIPLA, on pyrene-PG. Interestingly, hVPLA, has Arg in 
position 69 that is normally occupied by Lys for group-II PLA,s 
[3] and the K69R mutation of hIIPLA, resulted in a 5-fold drop 
in pyrene-PG activity [26]. We thus measured the effects of 
mutation of Arg-69 of hVPLA, to either Lys or Tyr (R69K and 
R69Y) to test if the presence of Arg-69 in place of Lys is 
responsible for its low activity on pyrene-PG. Unexpectedly, 
however, both mutations modestly affected the activities of 
W79A on pyrene-PC, pyrene-PE and pyrene-PG but significantly 
decreased the activity on pyrene-PS (œ 4-fold). Thus it appears 
that Arg-69 is involved in specific interactions with the 
phosphatidylserine (PS) head group 


DISCUSSION 


We showed previously that hVPLA, can bind zwitterionic PX 
membrane surfaces and hvdrolyse a PC molecule much more 
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sPLA,s on the outer plasma membranes (i.e. PC activity) in 
check. The fact that hVPLA, has evolved to possess this activity 
thus points to its direct involvement in interaction with the outer 
plasma membranes of inflammatory cells to elicit inflammatory 
responses. 

hVPLA, and hlIIaPLA, are distinct from group-IIa snake- 
venom PLA,s in that the former have an extended sequence 
(residues 54-58) that is deleted in the latter. The extension forms 
part of an elongated a-helix in hIlaPLA, and the side chain of 
Glu-56 makes direct contact with the ethanolamine head group 
of an active-site-bound PE analogue (see Figure 2). In the 
extended sequence, hVPLA, contains Glu-57 as well as Glu-56. 
Due to the presence of Gly in position 53 that is known to break 
the a-helix, ıt is unlikely that the extension will be part of the a- 
helix in hVPLA,. Thus, residues 53-58 of hVPLA, and hIIaPLA, 
are expected to have different side-chain orientations with respect 
to an active site-bound phospholipid. This in turn might account 
for the fact that neither G53D or G53K showed appreciable 
effects on the activities of hVPLA, on any pyrene lipid but 
pyrene-PC. For hlIaPLA, [32] and other sPLA,s [25,27], 
mutations of the residue ın position 53 exhibited significant 
effects on the head-group specificity. Also, differential effects of 
the E56K mutation on the substrate specificity of hVPLA, and 
hIIaPLA, can be explained in terms of the structural differences. 
For hilaPLA,, ES6K mutation selectively reduced the enzyme 
activity on pyrene-PC and pyrene-PE without affecting the 
activity on pyrene-PG, and enhanced the activity on pyrene-PS 
[26]. In contrast, the same mutation decreased the activities of 
bVPLA, on all pyrene lipids, with the largest activity drop seen 
with pyrene-PG. However, the effects of ES7K mutation on 
hVPLA, activities are in line with the effects of K57E mutation 
on hIIPLA, activities [26]. A full explanation for these findings 
would require the tertiary structural information on a hVPLA,— 
inhibitor complex. Evidently, however, these results indicate that 
Glu-56 and Glu-57 in the substrate-binding pocket interact 
favourably with zwitterionic substrates, PC and PE, thereby 
enhancing its activity on these substrates versus anionic ones. 

Mammalian group-V PLA,s uniquely contain Arg in position 
69 that is occupied by Lys in most group-IJ PLA,s and invariably 
by Tyr in group-I PLA, s [3]. X-ray structures of enzyme-inhibitor 
complexes showed that either Tyr or Lys ın position 69 forms a 
hydrogen bond with pro-S non-bridging oxygen of sn-3 phos- 
phate [30,33] Our previous study on A. p. piscivorus PLA, 
showed that a K69Y mutation selectively reduced the enzyme 
activity on pyrene-PG without interfering with PC and PE 
activities, suggesting that Lys-69 of group-II PLA,s might be 
important for their anionic head-group specificity [20]. Similar 
but less pronounced effects were observed with the K69Y 
mutation of hIIaPLA, [26]. Interestingly, the K69R mutation of 
hllaPLA, uniformly (z 5-fold) reduced the activities on all 
pyrene lipids, suggesting the specific nature of the Lys-69-sn-3 
phosphate hydrogen bond. This, in conjunction with the finding 
that hVPLA, is about 5-fold less active than hIIPLA, on pyrene- 
PG, implies that one might be able to improve the activity of 
hVPLA, on anionic phospholipids by R69K mutation. Our 
results indicate otherwise. The R69K mutation selectively 
reduced the activities on anionic phospholipids, pyrene-PS in 
particular. This suggests that Arg-69 of hVPLA, is involved in 
specific 1nteractions with PS (and PG) head groups that cannot 
be fully simulated by Lys. Slight increases in PC and PE activities 
by R69Y mutation also suggest that Tyr is slightly more effective 
than Arg in forming a hydrogen bond with the sn-3 phosphate in 
hVPLA,. Again, the lower activities of R69 Y on pyrene-PG and 
pyrene-PS suggest that Tyr cannot replace the role of Arg in 
interactions with anionic lipid head groups. Together, these 
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results underscore the complex nature of the structural deter- 
minants of phospholipid head-group specificity of sPLA,s. 
Whatever the origin of lower activity of hVPLA, on PG substrates 
might be, it would not compromise pro-inflammatory actions of 
hVPLA, since PG is only a minor component of mammalian 
plasma membranes. However, hVPLA, might have significantly 
lower activity on PG-rich bacterial cell membranes than 
hilaPLA,, which has been shown to have potent bactericidal 
activities [34]. 
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The venom of the male Australian duck-billed platypus contains 
a family of four polypeptides of appox. 5 kDa, which are referred 
to as defensin-like peptides (DLPs). They are unique in that their 
amino acid sequences have no significant similarities to those 
of any known peptides; however, the tertiary structure of one of 
them, DLP-1, has recently been shown to be similar to f- 
defensin-12 and to the sodium neurotoxin peptide ShI (Sticho- 
dactyla helianthus neurotoxin I). Although DLPs are the major 
peptides in the platypus venom, little is known about their 
biological roles. In this study, we determined the three- 
dimensional structure of DLP-2 by NMR spectroscopy, with the 
aim of gaining insights into the natural function of the DLPs in 
platypus venom. The DLP-2 structure was found to incorporate 
a short helix that spans residues 9-12, and an antiparallel f-sheet 
defined by residues 15-18 and 37-40. The overall fold and 
cysteine-pairing pattern of DLP-2 were found to be similar to 


those of DLP-1, and hence f-defensin-12; however, the sequence 
similarities between the three molecules are relatively small. The 
distinct structural fold of the DLP-1, DLP-2, and #-defensin-12 
is based upon several key residues that include six cysteines. 
DLP-3 and DLP-4 are also likely to be folded similarly since they 
have high sequence similarity with DLP-2. The DLPs, and £- 
defensin-12 may thus be grouped together into a class of 
polypeptide molecules which have a common or very similar 
global fold. The fact that the DLPs did not display antimicrobial, 
myotoxic, or cell-growth-promoting activities implies that the 
nature of the side chains in this group of peptides is likely to play 
an important role in defining the biological function(s). 


Key words: f-defensin-12, disulphide pairing pattern, NMR 
spectroscopy, peptide fold. 





INTRODUCTION 


The male duck-billed platypus, Ornithorhynchus anatinus, 1s pecu- 
liar amongst mammals in having a functional venomous spur on 
each hind limb [1,2]. Knowledge of the evolutionary origin and 
the natural function of the platypus venom apparatus 1s limited 
[1-6]. There have been many hypotheses drawn about the 
function of the spurs, and the prevailing view is that the apparatus 
is used as both an offensive and a defensive weapon [7]. The spurs 
are used offensively against other male platypuses to assert 
dominance, especially during the mating season [3,8]. It has also 
been observed that platypuses use the spurs to ward off potential 
enemies such as dogs and humans. Human envenomation is not 
rare and has been described as causing excruciating pain followed 
by profound swelling of local tissue [6]. 

Platypus venom contains several protein components with a 
wide range of sizes from 4-6 kDa [9-13] (Figure 1). Two of these 
components, namely the 4.2kDa C-type natriuretic peptide 
(OvCNP) [10-12] and the 13 kDa nerve growth factor protein 
(OvNGF) [11], have some similarities to proteins from other 
sources. The OvCNP causes relaxation of the rat uterus, his- 
tamine release in the mast cell, and tissue oedema, while OVNGF 
has been implicated in the pain-producing activity of the venom. 

Besides the above two proteins, there are several protein 
components which are unique in that their primary structures do 


not share strong resemblance with any proteins listed in the 
SwissProt database [9-11]. Many of these proteins are in fact 
present in much larger amounts than the OVCNP and OVNGF 
proteins. Among these 1s a group of four peptides of approx. 
5 kDa which are referred to as defensin-like peptides (DLPs) [9] 
(Figures 1 and 2). These peptides are named as such because the 
three-dimensional fold of one of its member peptides, DLP-1, 
has a strong similarity to f-defensin-12 [14,15], although the 
amino acid sequence similarity 1s weak. Unlike f-defensin-12, 
DLP-1 does not show any apparent antimicrobial activity, and 
its role in the venom is still unknown. Detailed analysis of the 
DLP-1 and f-defensin-12 structures reveals that although their 
secondary and tertiary structures are similar, the locations of the 
hydrophobic and hydrophilic cationic residues, which are known 
to be important in the activity in -defensin-12, are significantly 
different in the two molecules [9]. 

Four DLPs have been identified in platypus venom thus far 
DLP-2 was found to have 36% sequence identity with DLP-1. 
Despite this low similarity, it was hypothesized that the two 
peptides would be folded in the same fashion because, 1n both 
molecules, six disulphide residues are spaced similarly in the 
sequence, and important amino acid stretches such as 14-17 and 
37-40, which incorporate most of the antiparallel f-strands in 
DLP-1, are also present in DLP-2. It is interesting to note that 
five out of the six cysteine residues of DLP-1 and DLP-2 can be 


Abbreviations used DLP, defensin-like peptide, DOF, doubie-quantum-filtered, NOE, nuclear Overhauser enhancement, RMSD, root-mean-square 
deviation, 2D, two-dimensional, OvCNP, Ornrthorhynchus venom C-type natriuretic peptide, OvNGF, Ornrthorhynchus venom nerve growth factor 
! To whom correspondence should be addressed (e-mail p kuchel@biochem usyd edu au) 
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Figure 1  Reverse-phase HPLC chromatogram of complete platypus venom 


Peaks of components that eluted before DLP-3 were identified as non-proteinaceous, 
Abbreviations: KLP, Kunitz-type protease inhibitor-like protein: GDILP, guanosine diphasphate- 
dissociation inhibitor-like protein. 


readily aligned with those of f-defensin-12. However, the se- 
quence similarity of the two DLPs with 7-defensin-12 are small, 
being 28°, for DLP-1 and 21° for DLP-2. 

The other two DLPs in platypus venom are more closely 
related to DLP-2 than to DLP-1. DLP-4 is the most recently 
identified peptide and it has an identical amino acid sequence 
and the same molecular mass as DLP-2, but it elutes with a 
different retention time in reverse-phase HPLC experiments. On 
the other hand, DLP-3 is shorter than DLP-2 with a few amino 
acid deletions and substitutions. It is interesting in that it has 
only two pairs of cysteine residues instead of three. Since the 
identification of the protein components in the venom is far from 
complete, it is possible that other DLP peptides will be discovered 
in the venom. 

In this study, we first report the determination of the solution 
structure of DLP-2, a 42 residue peptide which has some sequence 
similarities to DLP-1 and #-defensin-12. The obtained structure 
was then analysed and compared with the structures of these two 
peptides. We also used the results to speculate on the tertiary 
structures of DLP-3 and DL P-4. It is expected that this study will 
help illuminate the role of DLPs in platypus venom. 


MATERIALS AND METHODS 


Separation, identification and purification 


Venom components were fractionated using reverse-phase HPLC 
on a GBC system (Melbourne, Vic., Australia) with LC 1110 


DLP-2/DLP-4 
DLP-3 
DLP-1 
D-defensin-12 





pumps controlled by a DP 800 workstation. Details of this 
procedure are described elsewhere [9]. DLP-4 was sequenced by 
Edman degradation using an Applied Biosystems 494 Procise 
HT and cLC pulsed-liquid protein sequenators, and its molecular 
mass was determined using a VG Analytical TOFSPEC matrix- 
assisted laser-desorption ionization-time-of-flight mass spectro- 
metry instrument and a saturated solution of a-cyano-4-hydroxy- 
cinnamic acid (in 40°, CH,CN/0.1*; trifluoroacetic acid) as 
matrix. 

The DLP-2 used in the NMR experiments was isolated from 
whole crude venom and venom gland extracts. Several reverse- 
phase HPLC experiments were performed in order to obtain 
sufficient DLP-2 for the NMR analysis. HPLC fractions con- 
taining DLP-2 were pooled, freeze-dried, and subsequently 
purified by centrifugal membrane-filtration using an Amicon 
YM-10 tube (Millipore). NMR samples contained approx. 
1.0 mM DLP in 0.35 ml total volume at pH 3.6. 


NMR spectroscopy 


NMR experiments were performed with the sample at either 
10 "C or 25 °C on a Bruker AVANCE-600 DRX spectrometer 
(Karlsruhe, Germany) using a 5 mm !H inverse probe. All two- 
dimensional (2D) NMR spectra were acquired in the phase- 
sensitive mode using time-proportional phase detection [16]. 
Homonuclear 2D spectra that were recorded included: double- 
quantum filtered (DQF) COSY [17], with the phase-cycle 
modified for fast recycle times [18]; TOCSY [19], with MLEV 
spin-lock periods of 30 ms, 70 ms and 90 ms; and NOESY [20]. 
with mixing times of 200 ms, 250 ms and 300 ms. Solvent 
suppression in. TOCSY and one NOESY experiment was 
achieved by using the WATERGATE [21] pulse sequence, while 
that in DQF and other NOESY experiments was achieved by 
low-power irradiation at the water resonance frequency during 
the relaxation delay in the transients (1.3-1.4 s) and during the 
mixing period in NOESY experiments. 'H-*H exchange experi- 
ments were carried out by reconstituting the freeze-dried sample 
with *H,O, acquiring a series of one-dimensional experiments 
for 30 min, and then acquiring a short-time 2D NOESY spec- 
trum. Slowly exchanging amide protons were interpreted as 
being hydrogen-bond donors. Spectra were processed using 
XWIN-NMR software (Bruker). 


Structure calculations 


All 2D spectra were analysed using the XEASY program [22]. 
Distance constraints were derived from NOESY spectra recorded 
at 25 °C with a mixing time of 300 ms. This ultimately yielded 
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Figure 2 Primary structures of DLPs and f-defensin-12 
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The amino acid sequences are aligned to show maximum correspondence between them. Similarities are shown relative to DLP-2 and DLP-4: identical residues are boxed and conservative 
substitutions are faint. The disulphide-bonding pattern determined for DLP-2 from the NMR data is shown below the numbered sequences (dashed lines). The secondary structure of DLP-2, as 


determined in the current study, is shown above the sequences (helix denoted as cylinder and strand denoted as arrow), The diagram was drawn using ALSCRIPT [42] 
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699 non-redundant inter-proton distance constraints, which were 
automatically assigned upper-distance limits based on the cor- 
responding cross-peak intensities or volumes. To allow for 
conformational averaging and errors in volume integration, a 
correction of 0.3 A (0.03 nm) was added to all upper-distance 
bounds. 

Twenty four ø dihedral angle constraints were derived from 
Jen, Coupling constants obtained by inverse Fourier trans- 
formation of in-phase multiplets from 2D NOESY spectra, using 
the program INFIT [23]. The $ angles were constrained to 
—60 30° for *J44,«5 Hz; —60+40° for “J, 5-6 Hz; 
—120+30° for 'J,,, 8-9 Hz; and —120+20° for "Jy, 
9 Hz. Hydrogen-bond constraints were deduced from 'H-*H 
exchange experiments and the preliminary calculated structures. 
The latter constraints were introduced only in the final stages of 
the structure calculations and were given upper distance-limits of 
22 A for NH, to O, and 3.2 À for N, to O, The disulphide 
linkages were deduced from preliminary structures by measuring 
distances between sulphur atoms and checking the orientation of 
the cysteine side chains. 

The torsion-angle dynamics program, DY ANA [24], was used 
at all stages of the structure calculations prior to refinement. The 
NOAH protocol [25,26] was used in calculating preliminary 
structures and in assigning non-intra-residue and non-sequential 
NOESY cross-peaks. After obtaining the majority of the NOESY 
assignments, a standard simulated annealing procedure was 
applied. In the final structure calculations, 4800 DYANA 
structures were generated from random starting conformations. 
The ‘best’ 120 structures, with the lowest NOE violations, were 
then refined by simulated annealing with X-PLOR [27]. The 
simplified all-hydrogen force field was used, and the covalent 
geometry was constrained using the standard X-PLOR para- 
meters. Interatomic distances and dihedral angles were con- 
strained by experimental energy terms (koe = 50 kcal: mol: Å=, 
Kanea = 200 kcal-molt-rad~*), which remained constant 
throughout the calculations. Initial atomic velocities were 
set from the Maxwell distribution at 1000 K, in which all 
non-bonded interactions were ignored, allowing the atoms to 
pass through each other (repel = 0.9, C,,, = 0.005 kcal: mol": 
A-*). Simulated annealing was then performed by gradually 
‘cooling’ the system to 100 K over 20 ps of simulated time, 
during which C,, was increased linearly to 4 kcal mol! - Å- 
while ‘repel’ was decreased to 0.75. Restrained gradient-mini- 
mization of 40 cycles was performed in the final stage of the 
protocol. 

The coordinates for the ensemble of 20 structures have been 
deposited with the Brookhaven Protein Data Bank with accession 
code 1D6B. 


RESULTS AND DISCUSSION 
Structure determination by NMR 


Standard procedures were implemented in assigning NMR 
resonances [28]. The amide-proton signals of DLP-2 at 298 K 
and pH 3.6 were generally well resolved, making the resonance 
assignment process straightforward. Most of the signals from the 
backbone amide protons were intense, except for those of Ser!? 
and Tyr?! that were also broad. Spectra were also obtained at 283 
K to aid in resolving several overlapping peaks and in confirming 
other resonance assignments. 

Preliminary structure calculations were performed with 
DYANA [24] implementing the NOAH automatic structure 
calculation scheme [25,26]. This protocol led to a moderately 
well-defined global fold with identification of approx. 90 % of all 
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NOESY cross peaks. The validity of the assignments obtained by 
NOAH were checked, and further NOESY cross-peak assign- 
ments were manually performed by analysing the 2D data and 
the calculated medium resolution structures. 

Although no disulphide bonds were included during the early 
stages of the calculations, the resulting medium-resolution 
structures did show the defined cysteine pairing configurations of 
DLP-2 to be Cys*-Cys!*, Cys!*-Cys?** and Cys*-Cys*. Direct 
NOE cross-peaks, which were evident between the Hf of the six 
cysteine residues, assisted considerably in onentating the cysteine 
side chains in the calculation, allowing the cysteine pairs to be 
identified with ease. 

After using the NOAH protocol, the standard simulated- 
annealing procedure in DYANA was used to improve the 
*quality' of the structures; thus an iterative cycle of calculation, 
structure analysis, and constraint revision was performed. The 
hydrogen-bonding pairs were deduced only during the later 
stages of the calculations, and were included as conformational 
constraints. 

A total of 715 non-redundant inter-proton distance constraints, 
24 dihedral-angle constraints, and 16 hydrogen-bond con- 
straints, were used to obtain the final DLP-2 structure. The NOE 
distance constraints consisted of 172 long-range, 95 medium- 
range, 190 sequential, and 242 intraresidue constraints. In the 
final round of calculations, 120 out of 4800 structures that had 
been generated in DYANA were refined using the simulated 
annealing protocol in X-PLOR [27]. The ‘ best’ 20 X-PLOR struc- 
tures with the lowest total ‘energies’ were used as representatives 
of the DLP-2 solution structure. None of these structures had 
NOE violations greater than 0.2 A, or dihedral-angle violations 
greater than 2°. Table 1 contains a summary of the structural 
characteristics of the ensemble of 20 DLP-2 structures. 


Description of the structure of DLP-2 


The DLP-2 structure incorporates a poorly defined N-terminal 
region of up to five residues, as indicated by the low backbone 
angular order parameters for ¢ and y angles, and high root- 
mean-square difference(s) (RMSD) from the mean structure. The 
well-defined region of the molecule, which encompasses residues 
6—42, had angular parameters (S) greater than 0.86 in all cases, 
and the mean global backbone RMSD, with respect to the mean 
structure, was 0.46+0.13 A. In contrast, the mean global 
backbone RMSD was 1.28-+0.35 A when the backbone of the 
whole molecule was considered. Figure 3 shows the ensemble of 
20 calculated structures superimposed over the backbone of the 
‘well-defined’ region (residues 6-42). Some parts of the well- 
defined region are clearly seen in Figure 3 to be better defined 
than other parts, for example residues 14-19, 25-27, and 37-42. 

PROMOTIF analysis [29] of the ensemble of 20 DLP-2 
structures revealed that the main secondary structural elements 
in DLP-2 consist of a helical conformation over residues 9-12, 
and an antiparallel &-sheet over residues 15-18 and 37-40 (Figure 
4A). Thus the DLP-2 structure begins with a flexible five-residue 
N-terminus. Residues 7-8 are situated close to residues 30—31, 
with the backbone NH of Gln’ forming a hydrogen bond with 
the carbonyl of Tyr*!. This configuration almost creates a small 
parallel -sheet in this part of the molecule. In nine out of the 20 
calculated structures, residues 9—12 formed a short a-helix; in 
one structure this formed a 3,, helix, while in 10 of the structures 
this region incorporated a series of three f-turns situated at 
residues 8-11, 9—12, and 10-13. The dearth of medium-range 
cross-peaks in the NOESY spectrum was responsible for the lack 
of consistent definition in this part of the molecule. Residues 
13-14 connected this helix-like configuration to the first strand of 
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Table 1 Structural statistics for the ensemble of 20 DLP-2 structures 
Values given as means -+ S.D 


(a) 


Distanca restramts 
Intraresidue (H = 0) 242 
Sequential (HI = 1) 190 
Medium-range (H| < 5) 95 
Long-range (HI > 5) 172 
Hydrogen bonds 16 
Total 715 
Dihedral-angle restraints 
$ 24 
(b) 
Mean RMSD 
From experimental restraints 
NOE (A) 0 013 +0.001 
Dihedrals (deg ) 008-005 
From idealtsed covalent geometry* 
Bonds (A) 0 00137 +0 00008 
Angles (deg) 0 307 -+ 0 003 
Impropers (deg.) 0.106 +0 006 
(c) 
Mean energies (kcal - mol ') 
Enel c i 6.44 4:0 95 
EST 001 4-002 
Ew 0 08 4- 008 
E si 1294+016 
en 066 -+ 0 08 
fao 17 59-030 
Ed 26 07 4: 123 
(d) 
Ramachandran plot analysis (PROCHECK [43]) 
Most favoured region 49947 
Additionally allowed region 4043-59 
Generously allowed region 91 3-44 
Disallowed region 064111 


Atomic RMSD (A)t 


Versus mean Pairwise 
Backbone atoms (6—42) 04684013 0654+018 
Heavy atoms (6—42) 1004-012 1414+021 


* idealized geometry as defined by the CHARMM force field within X-PLOR, 

t Final values of the square-well NOE and dihedra-angle potentials calculated with force 
constants of 50 keal-mol' A-? and 200 kcal mol ' - Á? respectively 

I Atomic diferencas given as average RMSD against mean coordinate structure (mean) and 
average RMSD of ali pairwise structures (pairwise) Values given as means +S D 





the antiparallel -sheet, as defined by residues 15-18. The ¢ 
dihedral angle of residue 13 had a characteristic positive value 
near 90 ?, suggesting a reverse turn [30]. The helix axis was seen 
to be almost parallel to the second f-strand. 
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The presence of an antiparallel f-sheet formed by residues 
15-18 and 37-40 is consistent with the results of the ‘H-*H 
exchange experiment which provided evidence of the hydrogen- 
bonded pairs as follows: NH Val!*-CO Cys, NH Cys*-CO 
Val, NH Arg"-CO Lys, and NH Lys**-CO Arg". The 
antiparallel P-sheet appeared to be twisted and connected by a 
large loop defined by residues 19—36 that surrounds the second £- 
strand formed by residues 37—40. This gives the impression that 
the second strand (or the C-terminus) 1s trapped in the middle 
of the molecule, surrounded by the first strand on one side and 
by the large loop on the other (Figure 4B). The loop defined by 
residues 19-36 incorporates four f-turns, 18-21 (type I), 21-24 
(type IV), 27-30 (type IV), and 34—37 (type IV). The turn at 
residues 27-30 forms a distinct bulge on the loop. The C- 
terminus is bent near residue 41 and points towards the first £- 
strand. 

The disulphide conformation of Cys?-Cys?? was right-handed 
in 19 out of 20 of the calculated structures, with a y, value of 
86+4 ?, while that of Cys*-Cys* was left handed in 14 out of the 
20 structures with a y,, value of —72+7 °. The conformation of 
the Cys!*-Cys?* disulphide bond was poorly defined, although 
direct NOE interactions between the Hf of the cysteine pairs 
were observed experimentally, so they were included as con- 
straints in the structure calculations. The DLP-2 molecule has a 
large hydrophobic region that spans most of the N-terminus and 
the bulge on the large loop. Hydrophobic residues in this region 
include Ile’, Met*, Phe?, Phet, Ala®, Cys’, Trp'^, Pro**, Met?’, 
Ala?5, Trp”, and Cys??. With the exception of Cys? and Cys”, 
which are buried in the interior of the molecule, all these 
hydrophobic residues have their side chains orientated towards 
the surface of the molecule, thus exposing them to the solvent. 

Two highly charged regions exist in the calculated DLP-2 
structures; these are situated near or within the -turns along the 
large loop. The first region, which includes Arg’’, Asp'^, Lys!?, 
Glu?!, and Arg**, is relatively large and encompasses part of the 
first fi-strand and two f-turns (residues 18—21 and 21-24). The 
second region is located at the end of the large loop and 
encompasses one f-turn (residues 34—37) and incorporates Glu”, 
Arg’, and Lys**. Both of these charged regions of DLP-2 are 
very hydrophilic since they also include polar residues such as 
Asn, Gln, and Ser. The region defined by residues 10-13, 29-31, 
and 41-42 are moderately hydrophilic. 


Comparison of DLP-2 with f-defensin-12 


The superposition of the backbone atoms of residues 7-42 in 
DLP-1 and DLP-2 (Figure 5A) yielded an RMSD value of 1.1 A, 
clearly showing that the tertiary structures of the two molecules 
are very similar, notwithstanding the fact that their sequence 
similarity is only 36%. This similarity of folding is manifest in 
the disulphide-bond pairing patterns of Cys*-Cys??, Cys!$-Cys??, 
and Cys^-Cys** that are identical in the two DLPs. Moreover, 
the N-termini of DLP-1 and DLP-2 are both flexible, while the 
C-termini that incorporate residues 40—42 are bent in the same 
manner. 

The secondary structural elements found in DLP-2 are similar 
to those in DLP-1 (Figure 5B); the helix, antiparallel -sheets, 
and f-turns that are present in DLP-1 [9] were also evident in 
DLP-2. A subtle difference is that the helix in many of the 
calculated DLP-2 structures was an a-helix, spanning residues 
9-12, while in DLP-1 it is a 3,, helix that spans residues 10-12. 
This may not be a 'real' difference since this region of the 
molecule was not as clearly defined in the calculated structures of 
DLP-2 as it was in DLP-1. The similarity in the secondary 
structures of DLP-1 and DLP- is also manifest in the results 
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Figure 3 Ensemble of 20 DLP-2 structures 


Stereo view of the ensemble of 20 DLP-2 structures superimposed to show the best fit over the backbone atoms of residues 6—42 of the mean-coordinate structure. Only the N C. and Cz atoms 


of the backbone are displayed 





Figure 4 Schematic drawing of DLP-2 structure 


Schematic drawing of DLP-2 showing the locations of the disulphide bonds (yellow), /7-strands 
(cyan), and a-helix (red and yellow). The two Figures are related by approx. 90 ^ rotation about 
the ‘virtual’ vertical axis. The program MOLMOL [44] was used to generate the Figures 


of 'H—*H exchange experiments that showed a similar pattern of 
exchange rates for the amide protons. 

The major difference between the structural features of DLP- 
| and DLP-2 was only revealed when the nature of the side 
chains on the different regions of the molecules were emphasized. 
Specifically, in DLP-2 the N-terminus up to residue 6 is 
highly hydrophobic, while in DLP-1 only the first two residues are 
hydrophobic. The surface region which encompasses residues 8. 
10 and 31 in DLP-2 is moderately hydrophobic, but it is highly 
basic in DLP-1. DLP-2 has a large continuous hydrophobic 
surface region incorporating the N-terminus up to residue |1 and 
the hydrophobic bulge in the large loop, but these features are 


not evident in DLP-1. These differences between DLP-1 and 
DLP-2 are illustrated in the surface representation of the two 
molecules in Figure 6. 

Despite a sequence similarity of only 21°,, DLP-2 and /- 
defensin-12 have similar global folds (Figures 5C and 5D). As 
with DLP-1. the two antiparallel /strands of DLP-2 closely 
match those of /7-defensin-12, but the latter is longer by one 
residue. Furthermore, part of the large loop in DLP-2 can be 
superimposed well on the third antiparallel /-strand that contains 
the /-bulge in /-defensin-12. However, a computer-based struc- 
ture comparison using the DALI algorithm [31] showed that the 
degree of ‘structural similarity’ between DLP-2 and /-defensin- 
12 is less than that between DLP-1 and //-defensin-12 [9]. 


Structural implications 


Considering the fact that DLP-2, DLP-1, and /-defensin-12 are 
folded similarly, it is reasonable to postulate that the unique fold 
shared by these peptides is due to the conserved residues in their 
amino acid sequences. As mentioned above, there are only a few 
of these equivalent residues: they are Cys’, Gly'*, Val", Cys'*, 
Cys**, Lys**, Cys**, and Cys" in all three molecules, and Lys? 
and Met* in DLP-2, which are conservatively substituted as 
Arg and Ile, in DLP-1 and /-defensin-12 respectively. It is clear 
that the cysteine residues that are paired in the order 1-5, 2-4, and 
3-6 in all three molecules play a crucial role in achieving 
and/or maintaining the distinct tertiary structure. Also, most of 
the conserved residues (including the cysteines) are involved in 
hydrogen bonding with other residues. 

It was shown previously that the disulphide-connectivity 
pattern of 1-5, 2-4, and 3-6 of the DLPs is also found in other 
toxic peptides, such as the sea anemone peptides Shl, ATX-1I 
and AP-A [32-34]. and the rattle snake myotoxin a [35,36]. The 
global fold of DLP-1 was shown, using the DALI algorithm, to 
have some weak similarities to Shl. Superposition of the struc- 
turally equivalent backbone atoms showed that the /-strands 
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Figure 5 Comparison of DLP-2, DLP-1 and f-defensin-12 structures 


(A) DLP-2 and DLP-1 structures superimposed over N, C, and Cx atoms of the backbone of 
residues 7-42. DLP-2 and DLP-1 residues are shown in light grey and black respectively. (B) 
Same as diagram in (A) except drawn in MOLMOL [44]. (C) DLP-2 and /-defensin-12 
Structures superimposed over N, C, and Ca atoms of the backbone of residues 8—23, 24—27, 
and 30—41 of DLP-2, and residues 4—19, 21—24, and 25—36 of //-delensin-12. DLP-2 and /7- 
delensin-12 residues are shown in light grey and black respectively. (D) Same as diagram in 
(C) except drawn in MOLMOL [44] 


in the antiparallel -sheet in both molecules coincide well, al- 
though the primary structures are significantly different. This 
finding. together with the similarity to DLP-2, underscores the 
importance of the cysteine-pairing pattern as an indicator of the 
specific tertiary structure. 


Possible structures of DLP-3 and DLP-4 


Due to the high level of sequence similarity between DLP-2, 
DLP-3, and DLP-4, it is likely that they are all folded in a similar 
manner. One possible difference between the folds of DLP-2 and 
DLP-4, which are isomers, is that their cysteines are paired in 
different ways. This is plausible because the six cysteines are 
relatively close to each other and in particular the last two 
cysteines of DPL-2 and DLP-4 are adjacent in the sequence, thus 
enabling interchange of the disulphide bonds without signifi- 
cantly altering the main part of the tertiary structure. The latter 
exchange phenomenon is exemplified by /-defensin-12 and NP- 
2, which have similar global folds but their disulphide pairings 
are quite different, being 1-5, 2-4 and 3-6 in /-defensin-12 and 
1-6, 2-4, 3-5 in NP-2 [15]. Disulphide-pairing patterns such as 
1-4, 2-5, 3-6, are also conceivable in the DLPs: the first cysteine 
is relatively close to the fourth one situated in the large loop. 
while the second cysteine that is located on the first /-strand is 
also near the fifth cysteine that is located in the adjacent second 
#-strand. Although some of these disulphide-pairing patterns are 
possible, the fact that the 1-5, 2-4, and 3-6 pattern is found in 
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DLP-1, DLP-2, //-defensin-12, ShI, and myotoxin a implies that 
It is probably more stable than other possible combinations. 

DLP-3 lacks the third and the fifth cysteines that correspond 
to Cys?* and Cys?* in DLP-2 (Figure 2). Since the disulphide- 
pairing pattern in DLP-2 is 1-5, 2-4, and 3-6, this implies that 
the four cysteines in DLP-3 could be paired differently from 
those in DLP-2. Assuming that the global folds of DLP-2 and 
DLP-3 are similar, the likely disulphide pairing in DLP-3 is 
therefore 1-6 and 2-4, which is similar to that in NP-2. However. 
It is important also to consider the fact that DLP-3 lacks the 
residue corresponding to Asn?* in DLP-2, so that the sixth 
cysteine may be the one that is actually missing and not the fifth. 
This line of reasoning leads to the proposal that the cysteine 
pairing is 1-5 and 2-4. 


Roles of DLPs in the platypus venom 


As mentioned in the Introduction, the platypus venom is not 
likely to be used to capture prey since its venom apparatus is 
absent from the female and it is situated on the hind legs away 
from the mouth. Also, because of its relatively low toxicity, 
compared to the snake venoms, platypus venom most probably 
is used to incapacitate and ward off enemies without necessarily 
inflicting permanent harm to them. Therefore it is unlikely that 
platypus venom includes highly toxic components like those in 
the snake venoms: the latter are clearly used to capture prey and 
include x- and //-neurotoxins, and proteases and phospholipases 
which aid in the pre-digestion of the prey. 

The discovery of OVCNP and OvNGF in platypus venom 
provided important clues on the basis of action of the venom, as 
these peptides have significant sequence similarities to those 
found in other biological systems. Natriuretic peptides exist in 
tissues such as mammalian heart, brain, and endothelium, where 
they are involved in reducing blood pressure; and it has recently 
been discovered in the venom of green mamba snake (Dedroaspis 
anguisceps) [37]. The NGF, on the other hand, exists in mouse 
submaxillary glands and is also prevalent in the venom of a wide 
variety of snake venoms. However, it is worth emphasizing that 
the distinctly different location of the venom glands suggests an 
evolutionary/embryological relationship that is not straight- 
forward, or that the peptide composition of the secreted solution 
may be the result of common evolution in various exocrine 
glands. 

The existence of numerous protein and non-protein com- 
ponents is not peculiar to platypus venom. Snake venoms are 
also complex, but what makes the platypus venom unique is the 
presence of many novel components, such as the DLPs, whose 
physiological actions are unknown at present. We have per- 
formed various assays to assess the antimicrobial [9], myotoxic 
[38]. haemolytic [39], and cell-promoting activities [40] of DLPs, 
however all of these tests gave negative results. 

Determining the roles of the components has proven difficult, 
and this may be partly due to the activity being affected by the 
presence of other components, similar to some lipases which 
require a co-lipase for their activity to be manifest. Specifically. 
a venom component may act synergisucally with others so that 
it may be inactive during a pharmacological /physiological assay 
when present alone. Note also that the platypus lives in an 
isolated environment in eastern Australia and therefore 
encounters very few species of animals its own size during its 
lifetime. Thus common biological assays may not be applicable 
to the platypus venom since the cells that are routinely used are 
obtained from tissues of species that may never be encountered 
by a platypus. 
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Figure 6 Comparison of DLP-2 and DLP-1 molecular surfaces 





Molecular forms of DLP-2 (A) and DLP-1 (B) showing the charge distributions of one of their corresponding surfaces. Surfaces with positive and negative electrostatic potentials were drawn in 
blue and red respectively. These Figures were created using the standard charge settings in MOLMOL [44]. 


One possible role of the DLPs in the venom is that they may 
act synergistically with OVNGF to produce the pain that is such 
a prominent symptom of platypus envenomation. It has been 
speculated that NGF in some snake venoms potentiates the eflect 
of other toxins by stimulating various cells of its victim, thus 
rendering the victim more susceptible to the toxins. Human 
NGF causes hyperalgaesia and not pain itself [41]; hyperalgaesia 
is also found with platypus envenomation. The suggestion that 
OvNGEF causes pain is based on experiments using composite 
protein fractions of the venom. Since DLPs are abundant in 
platypus venom and DLP-3 co-elutes with OvNGE in reverse- 
phase HPLC, there is à distinct possibility that DLPs were 
present in all the samples of OVNGF that were used in experi- 
ments which elicited hyperalgaesia. 


Conclusion 


Unlike the situation with most snake venoms, the existing 
knowledge on the nature of platypus venom is far from complete. 
Platypus venom has been shown to contain numerous novel 
peptides and proteins whose structures and functions require 
further investigation before a definitive understanding of the 
pharmacology of this mixture is arrived at. The biological roles 
of the constituents have been elusive partly due to complications 
introduced by ‘synergistic effects’ in the assays used, and partly 
because the constituents are unique and absent in the venoms of 
other animals. 

The present study of the tertiary fold of DLP-2 is a step 
towards understanding the biological function of the DLPs 
which are the major peptides in platypus venom. The work not 
only revealed structural information on the DLPs but also 
provided useful data on the structures of //defensin-12. The 
distinct fold shared by DLP-1, DLP-2, and /7-defensin-12 can 
be attributed to a small number of amino acid residues in the 
sequence that appear to determine and maintain the form 
of the structural fold. These important residues include six 
cysteines that are paired in the order 1-5. 2-4, and 3-6. The 


distinct structural scaffold of the DLPs is a configuration that 
has evolved to yield à small compact molecule. The findings 
presented here introduce a structural peptide core that could 
support different functional groups and hence display different 
pharmacological/physiological activities. 
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Modulation of the smooth-muscle Ca** channel a1C-b subunit 
by the auxiliary 2a subunit was studied in the HEK 293 (cell line 
from human embryonic kidney cells) expression system. In 
addition, we tested whether the «1—f interaction in functional 
channels is sensitive to an 18-amino-acid synthetic peptide that 
corresponds to the sequence of the defined major interaction 
domain in the cytoplasmic I-II linker of «1C (AID-peptide). 
Ca** channels derived by co-expression of alC-b and 2a 
subunits exhibited an about 3-fold higher open probability (P) 
than a1C-b channels. High-P, gating of «1C-b: 2a channels was 
associated with the occurrence of long-lasting channel openings 
[mean open time (7) > 10 ms] which were rarely observed in «1C- 
b channels. Modulation of fast gating by the 62a subunit persisted 
in the cell-free, inside-out recording configuration. Biochemical 
experiments showed that the AID-peptide binds with appreciable 
affinity to £2 subunits of native Ca** channels. Binding of the £2 


protein to immobilized AID-peptide was specifically inhibited 
(K, of 100 nM) by preincubation with free (uncoupled) AID- 
peptide, but not by a corresponding scrambled peptide. 
Administration of the AID-peptide (10 uM) to the cytoplasmic 
side of inside-out patches induced a substantial reduction of P, of 
alC-b- 82a channels. The scrambled control peptide failed to 
affect «1 C-b- 52a channels, and the AID-peptide (10 uM) did not 
modify «1C-b channel function in the absence of expressed f2a 
subunit. Our results demonstrate that the 82a subunit controls 
fast gating of «1C-b channels, and suggest the «1—f interaction 
domain in the cytoplasmic I-II linker of «1C (AID) as a possible 
target of modulation of the channel. Moreover, our data are 
consistent with a model of a1—Z interaction that is based on 
multiple interaction sites, including AID as a determinant of the 
affinity of the al—f interaction. 





INTRODUCTION 


Gating as well as regulation of class C high-voltage-activated 
Ca** channels is for a large part-determined by the interaction 
between ai and f subunits [1—6]. 

In tissues of the cardiovascular system, L-type channels are 
formed by one out of two splice variants of «1C (a and b [7,8]) 
that are preferentially associated with 2 subunits of the £2 and f3 
[9-11] isoform. A significant fraction of the L-type channels in 
various smooth-muscle tissues appear to be comprised:of a1C-b 
and £2, and the subunit composition is considered essential for 
fine tuning of channel function [11]. Divergent modulatory 
effects have been observed with different # subunits, with 2a 
being an effective modulator of channel inactivation and open 
probability (P) [6,9,12]. So far, the susceptibility of the two class- 
C al sphice variants to modulation by 2 species has not been 
compared in detail. À structure involved in the «1— interaction 
has been located in the cytoplasmic loop between domains I and 
II of the æl subunit [13,14]. Recent data support the view that 
modulation of the gating behaviour of the «1 subunit by £ 
proteins involves multiple interaction sites [12]. Moreover, 
Shistik et al. [5] suggested the N-terminal tail of «1C as a 
crucial determinant of f subunit-dependent contro] of Ca** 
channel pating. Since the cardiac- and the smooth-muscle splice 
variants of «1C differ substantially in the N-terminal sequence, 
divergent modulation of these splice variants by # subunits may 


be anticipated. Modulation by 2a of the cardiac isoform of 
a1C-a has recently been characterized at the single-channel level 
[6], but so far a study on functional modulation of the smooth- 
muscle a1C-b isoform is lacking. The present study was designed 
to analyse the effects of 52a on the gating properties of «1C-b 
channels in intact cells as well as 1n excised inside-out patches. 
Cell-free, inside-out recording of Ca** channel activity was used 
to test for a role of the interaction domain in the I-II linker of 
a1 C-b by disruption of the «1— interaction in this motif using 
an 18-amino-acid synthetic peptide (QQLEEDLKGYLDWI- 
TQAE) that corresponds to the sequence of the proposed a1-g 
interaction domain in the I-II linker of class C «1 subunits. Our 
results demonstrate that fast gating of the smooth-muscle isoform 
of «1C is modulated by the 2a in a manner similar to «1C-a. 
Moreover, we report for the first time that the «1—f interaction 
within a functional Ca? channel ıs reversed by a synthetic 
peptide that interferes with binding of £ to the I-II linker of the 
Ca** channel «1C subunit. 


EXPERIMENTAL 
Materials 


The «1C- interaction (AID) peptide as well as a corresponding 
control peptide of random amino acid sequence (scrambled 
peptide) was synthesized and purified by BioSyntan (Berlin, 





Abbreviations used AID, a1C-f interaction domain in the cytoplasmic Hil linker of the Ca*t channel a1C subunit, HEK 293, cell line from human 


embryonic kidney cells, A, open probability; 7, mean open time 
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Germany). The 18-amino-acid AID-peptide (QQLEEDLKGY- 
LDWITQAE) comprised the sequence 477-494 of the smooth- 
muscle «1C splice variant [7] designated as a1 C-b. This sequence 
is identical with amino acids 458-475 of the cardiac Ca®* channel 
al sequence ([13]; designated as «1C-a). The AID-peptide 
corresponds to the conserved sequence of the al-/ interaction 
domain (QQ-E-L-GY-WI--E) within the HH linker of al 
subunits reported by Pragnell et al. [14]. The sequence of the 
scrambled peptide was TDIQDEGALWEQYLQKEL. Tissue- 
culture medium was from Gibco BRL (Vienna, Austria); the 
dihydropyridine-Ca** channel activator S(—)-BayK 8644 was 
from Research Biochemicals Incorporated (Natick, MA, U.S.A.), 
and all other chemicals were from Sigma Chemical Co. (Vienna, 
Austria). 


Celi culture and transfection 


HEK 293 (human embryonic kidney cells) were stably transfected 
with the coding region of the «1C-b subunit (HEKa1C-b) as 
described in [16]. To study the function of channels comprised of 
alC-b [7] and f2a [9] subunits, HEK«IC-b were transiently 
transfected with //2a subunit as described in [17]. Expression of 
CD8 antigen and binding of CD8-antibody-coated beads was 
used as a marker to identify cells which were successfully 
transfected. HEK293 cells were cultured in Dulbecco's modified 
Eagle's medium that was supplemented with 10*;, (v/v) foetal- 
calf serum and contained 0.178 g/litre geneticin. 


Measurement of single-channel currents 


Ba?* currents through single Ca?* channels were recorded in the 
membrane of intact cells (cell-attached configuration) and in 
inside-out patches. Cell potentials were set to approximately zero 
by use of a high-K* low-Cl" extracellular solution that contained 
(in mM): 110 potassium aspartate, 20 KCI, 2 MgCl,. 20 Hepes, 
2 EGTA; the pH was adjusted to 7.3 with N-methyl-p-glucamine, 
and pCa was adjusted to 7.5 using a Ca**-sensitive electrode. 
Patch pipettes were fabricated from borosilicate glass (Clark 
Electromedical Instruments, Pangbourne, Reading, Berks.. 
U.K.), and had resistances of 5-10 MQ. The pipette solution 
contained (in mM): 10 BaCl,, 100 NaCl, 30 tetraethylammonium 
chloride and 15 Hepes, pH adjusted to 7.4. S(—)-BayK 8644 
(1.0 4M) was included in the pipette solution to facilitate 
stabilization of channel activity in inside-out patches as well as in 
intact cells. To prevent run-down of channel activity in inside- 
out experiments, 2 mM ATP/Na, and | unit/ml calpastatin were 
added to the bath solution before patch excision [18]. Exchange 
of bath solutions and administration of the «1-7 interaction 
peptide (10 4M) or a scrambled control peptide was performed 
during constant-flow perfusion. All experiments were per- 
formed at room temperature. 

Voltage clamp and current amplification was performed with 
a List (Darmstadt, Germany) EPC/7 patch-clamp amplifier. 
Current records were filtered at | kHz ( —3 dB) and digitized at 
a rate of 5 kHz. Experiments were controlled using pClamp 
software (Axon Instruments, Foster City, CA, U.S.A.). For 
idealization of current records, custom-made level-detection 
software was employed [19]. Ca** channel activity was calculated 
as the mean number of open channels (NP) during depolarizing 
pulses, and the gating properties of single channels were analysed 
in terms of channel availability (P), 1e. the probability that a 
channel will open upon depolarization, as well as the open 
probability (P.) of available channels as described previously 
[20.21]. 

Events were compiled in open-time histograms constructed 
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with variable bins (logarithmic scale) and fitted with multiple 
exponential functions. 


Ca^ channel preparations 


Cardiac homogenate and cytoplasmic proteins were prepared 
from adult Wistar rats (strain Schó:Wist) and used as a source 
of native Ca®* channel f/2 subunits. Frozen cardiac tissue 
was homogenized as in [22] using a Polytron PT homo- 
genizer and buffer A, consisting of 5mM  histidine/HCT, 
pH 7.4, 120 mM KCl, 50 mM Na,P,O,, 25 mM NaF, 10 mM 
EDTA, 0.2 mM dithiothreitol, 0.1 mM PMSF, | 4M pepstatin 
A, 17 ug/ml calpain I and 7 «g/ml calpain H. The cytoplasmic 
fraction was prepared by high-speed centrifugation of the homo- 
genate proteins at 100000 g for 2 h. Homogenate proteins were 
solubilized with 1%, digitonin as described in [23]. 


Affinity binding of £2 subunits to immobilized «1C—/ interaction 
peptide 


To achieve covalent binding of the x1C-—/ interaction peptide 
( AID-peptide) to agarose beads, the AID-peptide was synthesized 
with a N-terminal monochloroacetylglycyl extension. The pep- 
tide was immobilized to w-aminohexyl-agarose for 3h at a 
peptide concentration of 6 mg/ml of packed gel via activation of 
the w-amino groups as previously described [24]. In vitro binding 
assays were performed by incubation of solubilized rat heart 
homogenate proteins (0.5 mg) or cytosolic proteins (0.5 mg) with 
10 al of beads in buffer A (supplemented with 0.1 °, digitonin) 
for 2h at 4?C on a rotating wheel. The beads were extensively 
washed with digitonin-containing buffer A, extracted with SDS- 
sample buffer, and the eluted proteins separated on 7% (w/v) 
polyacrylamide gels. Competition experiments were done by 
incubation of cardiac 72 protein samples with either free AID- 
peptide or scrambled peptide overnight at 4 °C prior to binding 
on to AID-aflinity beads. 


SDS/PAGE and Western-blot analysis 


Protein samples were subjected to SDS/PAGE and Western-blot 
analvsis according to standard protocols. Briefly, the blots were 
incubated with the affinity-purified, 72 isoform-specific antibody 
(directed against the C-terminal 2 epitope EWNRDVYIRQ) at 
aconcentration of | ug IgG/ml for 90 min and with the secondary 
peroxidase-conjugated antibody (anti-rabbit IgG: BioGenes, 
Berlin, Germany; diluted 1:10000) for 60 min at room tem- 
perature as described in [22]. Immunoreactive #2 protein bands 
were revealed by enhanced chemiluminescence reaction kit 
(ECL®, Amersham) using a X-ray film. The antibody recognized 
the 85-kDa £2 subunit expressed in brain [25]. cardiac [25.26] and 
smooth muscle [10]. For comparison, the /3-isoform-specific 
antibody was employed. It stained an approx.-60-kDa protein 
[22.25]. ECL® signals were evaluated by computer-assisted scan- 
ner densitometry (ScanPack; Biometra, Goettingen, Germany). 
Densitometric analysis of the bands was within the linear range 
of immunoreaction. 


Statistics 


Averaged results are given as means t S. E.M. for the indicated 
number of experiments. Two-tailed 7 tests were used for statistical 
comparisons, using either the unpaired or paired format. 
Differences were considered statistically significant at P « 0.05. 
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RESULTS cording configuration. Multiple channels were detected in the 


, majority of experiments in cells co-expressing «1C-b and 2a 
edid pen Jai high P, gating and induces ultralong subunits. The observed functional channels/patch were in the 


range of 2-6 in cells co-expressing x1C-b and 2a, but 1—3 in cells 


Figure | shows representative single-channel recordings obtained expressing «1C-b only. Gating properties were analysed with a 
with alC-b and x1C-b-/2a channels in the cell-attached re- recently developed method [20] for the analysis of multichannel 
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Figure 1 22a subunit increases the fraction of long-lasting openings of 1C-b channels in cell-attached patches 


Top: individual current responses recorded during depolarizing voltage pulses. Bottom: open dwell-time histograms calculated from the experiments shown above. Dwell-lime histograms were fitted 
with exponential functions (continuous lines) using Marquardt-least-squares or maximum-likelihood method. Time constants {T 7) and percentual fractions of dwell times {p p) are given. 
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Table 1 Effects of /j2a on gating of «1C-b channels 


Values are means-- SEM for the indicated number of experiments “Denotes statsbcally 
significant difference versus channels derved by expression of a1C-b only nd, not detectable 


Proportion of 
Mean open X long openings 
f, (X) A (X) time (ms) (r > 10ms) (3) 
Ceil-attachad 
adC-b (n = 5-7) 33+07 422+82 23:03 nd 
aiCb 2a(n- 10) 111419" 483422 93-43-22" 3504114 
inside-out 
alC-b (n = 8) 36110 501-22 35+04 60 +455 
aiC-b:2a (a= 8-10) 73407" — 5694-25 6 2+71 0° 1514516 





patches that allows for calculation P, as a parameter of fast 
gating, and availability (P,) as a parameter that characterizes the 
slow gating between available and unavailable states of the Ca** 
channels. This analysis revealed that co-expression of the 2a 
subunit increased not only the mean number of functional 
channels ın the patches of membrane, but, in addition, clearly 
increased P, of individual channels (Table 1). In contrast, 
availability (P) of Ca** channels was not significantly affected by 
expression of the 52a subunit. Channels comprising both a1C-b 
and f2a subunits exhibited a fast gating pattern strikingly 
different from that of channels derived by expression of the x1C- 
b subunit alone. In experiments with single-channel patches, or 
when mostly the opening of a single channel was recorded, open 
time distributions were analysed. As illustrated 1n Figure 1, the 
elevated level of P, in «1Cb 2a channels was associated with a 
significantly increased mean open time and promotion of long- 
lasting channel openings. Open time distributions obtained with 
aiC-b: 2a channels were best fitted by two, or ın most cases, by 
three exponentials with an ultra-long-lived open state exhibiting 
a mean open time (7) > 10 ms. The mean proportion of such 
ultra-long-lasting openings amounted to 35+11.2% (Table 1). 
In cells expressing only the «1C-b subunit, open time distributions 
were best fitted with two exponential components Openings 
with 7 > 10 ms were not statistically resolved in the open-time 
histograms. 

When the expressed Ca** channels were studied 1n the excised 
inside-out configuration, differences in the gating pattern of 
channels comprised of a1C-b plus 2a versus «1C-b alone were 
again detectable (Figure 2) The most striking discrepancy 
concerned P, which was significantly (about 2-fold) higher in 
alC-b 42a channels (Table 1). In inside-out recordings, ultra- 
long-lasting openings (r > 10 ms) were detectable in the open- 
time distributions of both «1C-b- 52a and, albeit less frequently, 
also in a1C-b channels (Table 1). Single-channel amplitude, P, 
and P, of channels did not change significantly with time in 
inside-out recordings (results not shown). Thus the functional 
al—f interaction was fairly stable in excised inside-out patches, 
as expected from the reported high-affinity interaction between 
al and f subunits [15]. To further investigate the properties of 
the «.1— interaction, we performed experiments with a synthetic 
peptide that corresponds to the sequence of the conserved «1—f 
interaction domain within the I-II linker of «1C. This peptide is 
expected to bind to Ca**-channel # subunits and to inhibit the 
interaction of f with AID under equilibrium binding conditions 
in a competitive manner. Where the stable interaction between 
al and £ is based exclusively on a single high-affinity interaction 
site within. AID, this peptide is not expected to promote 
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dissociation of £f from AID ın inside-out experiments By 
contrast, where the «1—f interaction involves multiple interaction 
sites, the AID peptide may promote dissociation by a step-by- 
step binding mechanism involving the formation of an unstable 
ternary complex. 


A synthetic peptide corresponding to a sequence of the H-II linker 
of «1C binds to the £2 subunit and is able to disrupt «1—f 
interactions 


As an initial step we characterized the 18-amino-acid synthetic 
AID-peptide ın terms of its ability to bind to #2 subunits by an 
in vitro affinity-bead assay. The AID-peptide was covalently 
coupled to an agarose-gel matrix and incubated with the 
Ca**-channel £2 subunit solubilized from rat cardiac tissue 
homogenates. Western-blot analysis with the £2-isoform-specific 
antibody showed that the £2 subunit was recovered by affinity 
beads, but not by the agarose-gel matrix (Figure 3, +/— 
coupled peptide). Moreover, £2 protein binding to affinity beads 
was entirely prevented by preincubation with 10 uM AID-peptide 
(Figure 3, free peptide) By contrast, inclusion of the scrambled 
peptide (up to 20 4M) did not interfere with £2 binding under the 
same conditions (Figure 3). In addition to the 85 kDa 52 subunit, 
a minor protein migrating at approx. 60 kDa was specifically 
recovered by AID-affinity beads too. Because of similarities in 
apparent molecular mass with the £3 subunit [22], we tested the 
possibility of whether AID beads precipitate the £3 subunit from 
heart homogenates. However, no #3 subunit was detected by 
the f£3-1soform-specific antibody (results not shown). Thus the 
60 kDa protein 1s considered to be a £2 subunit isoform which 
was also observed following protein kinase A-mediated phos- 
phorylation [27,28] 

Binding affinity of the major 85 kDa f2 subunit was further 
assessed by competition experiments. Cytosolic proteins from rat 
heart were incubated with increasing concentrations of the AID- 
peptide (1 nM to 10 uM) prior to binding on affinity beads 
Densitometric'evaluation of £2 protein binding demonstrated 
that preincubation with the 18-amino-acid synthetic peptide 
prevented the association of native #2 subunits with affinity 
beads with a K, of 100 nM (Figure 4). 


Admintstration of the AlD-peptide to the cytoplasmic face of 
x1C-b: 82a channels results in rapld removal of f-Induced 
channel modulation 


To investigate the functional role of the «1—f interaction that 
takes place within the I-II linker of «1C, we studied the effect of 
the AID-peptide on gating of x1C-b- 2a channels ın the inside- 
out recording configuration. The peptide was administered at a 
concentration (10 aM) that was sufficient to completely inhibit 
«1-8 interaction in in vitro affinity-bead assay. In five out of six 
experiments a substantial change in the gating properties was 
obtained during exposure of the cytoplasmic face of inside-out 
patches to AID-peptide. A typical experiment is illustrated 1n 
Figure 5(A) Channel activity (N x P) declined rapidly (within 
2—5 min) in the presence of the AID-peptide, whereas N x P, of 
alC-b- 2a channels remained fairly constant within 20-30 min 
in control experiments (Figure 5, insert) The mean P, of 
al C-b: 2a channels was decreased significantly from 9 341.5% 
to 6.34+14% (N = 6) by the AID-peptide. The reduction in 
channel activity was associated with a decrease of the mean open 
time and a reduction of the proportion of ultra-long-lasting 
channel opening (Figure 5B) A peptide-induced decrease in 
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Figure 2  f/2a subunit Increases the fraction of long-lasting openings of «1C-b channels in excised patches 


Top individual current responses recorded during depolarizing voltage pulses Bottom open dwell-uime histograms calculated from the experiments shown above Dwel--tme histograms were fitted 
with exponential funchons (solid imas) using Marquarct-least-squares or maximum-llkelihood method Time constants (r,, 7,) and percentual fractions (A, m) are of dwell times are shown 


mean open times was clearly observed in the experiments which 
allowed for analysis of open time distributions (N = 2). The 
peptide decreased P, but did not affect availability of either 
alC-b: 2a or alC-b channels. Thus peptide-induced changes in 
gating behaviour were consistent with removal of f-induced 


channel modulation To further test the hypothesis that the 
observed effect of the AID-peptide was related to f-induced 
channel modulation, we performed control experiments with a 
scrambled control peptide and tested whether the AID-peptide 
would inhibit channels derived by expression of x1C-b only 
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Figure 3 Native #2 subunit binds to the 18-amino-acid synthetic peptide 
resembling the x1C interaction site within the 1-1l linker (AID) 


Affinity beads were produced by covalent coupling of the AID-peptide to «-aminohexy! agarose 
(above gel photograph, —/-+ coupled peptide). The AlD-affinity beads were incubated with 
rat heart homogenate proteins (0.5 mo) in the absence or presence of either the AID-peptide 
(free peptide) or the control peptide (scrambled peptide) as indicated (below gel photograph). 
Binding of the //2 subunit was revealed by subsequent SDS/PAGE and immunoreaction with 
the p2- isaform-specific antibody. 
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Figure 4 Displacement of the //2 subunit from AID-affinity beads by the 
a1C—p interaction peptide 


Rat heart proteins (0.5 mg) of the cytoplasmic fraction were incubated with increasing 
concentrations (1 nM--10 4M) of the synthetic 18-amino-acid a 15—/7 interaction peptide (AID- 
peptide) prior to binding on to AlD-affinity beads. The amount of the //2 subunit bound to the 
beads was estimated by densitometric evaluation of immunoblots. 


Administration of a control (scrambled) peptide (10 «M) did not 
affect channel activity of a1C-b:/2a channels in inside-out 
patches (N = 2), and the AID-peptide failed to modulate the 
function of alC-b in the absence of expressed //2a proteins 
(N = 3). 


DISCUSSION 


The present study demonstrates that the smooth-muscle isoform 
of the Ca**-channel x1 subunit is susceptible to modulation by 


© 2000 Biochemical Society 


the 2a subunit. Moreover, we provide, for the first time, evidence 
for the principle reversibility of / modulation in a functional 
Ca** channel. We report on uncoupling of Ca*' channel «1 and 
B subunits in cell-free patches by a peptide that interferes with 


Control of fast gating of the smooth-muscle splice variant of «1C 
by the //2 subunit 


Ca**-channel #3 subunits have been shown to potentiate Ca^ 
currents in various expression systems [1,4,6,12,29]. This 
potentiation of the Ca** current is in part due to an increase 
in the number of channel complexes in the plasma membrane. In 
addition to this effect of # subunits on subcellular localization 
and targeting of the channel complex, evidence for an allosteric, 
P-induced modification of channels have been presented 
[1.4,6.12]. Here we demonstrate a substantial modification of the 
fast gating of the b- splice variant of the class C Ca** channel x1 
subunit by a #2 subunit (2a). These Ca**-channel subunits are 
expressed in cardiac and smooth muscle [8,10.1 1,25], and recent 
experimental evidence supports the view that complexes con- 
sisting of x1C-b and 2a contribute to the formation of L-type 
channels in various smooth-muscle tissues [11]. Co-expression of 
the 2a subunit increased P, of alC-b channels approx. 2-fold, 
due to promotion of long-lasting channel openings. This ob- 
servation is consistent with the results of a previous study on the 
modulation by #2 of the myocardial (a-) splice variant of «1C [6]. 
Despite a high degree of homology, a- and b- splice variants of 
xl1C were reported to differ in their pharmacological properties 
[30,31]. Since the structural difference between a- and b- splice 
variants of «1C resides for a large part in the N-terminal 
sequence, which has recently been suggested as a critical de- 
terminant of x1-/7 interaction [5]. a differential modulation by 7 
subunits of the cardiac- and smooth-muscle splice variant of x1C 
may be anticipated. Nonetheless, we observed a /2-induced 
modulation of fast gating behaviour of the smooth-muscle splice 
variant a1C-b that is reminiscent of the modulation reported for 
x1C-a channels [6]. The functional effect of /2a on both splice 
variants appears similar, in that frequent occupation of a long- 
lived open state was observed. Both the results reported by 
Costantin et al. [6], as well as our present results, were obtained 
in the presence of the Ca** channel agonist BayK 8644, which 
may to some extent interfere with the -induced modulation of 
channel function. Nonetheless, -induced prolongation of mean 
open time has been reported recently for x1 C-a channels to occur 
also in the absence of BayK 8644 [12]. It has been suggested that 
a long-lived open state exists also in the absence of exogenously 
expressed #2 subunit, and that the auxiliary subunit promotes 
the occupation of this existing open state [6]. Consistently, we 
observed occasional ultra-long openings in x1C-b channels. Our 
results demonstrate that the 2a subunit is able to modify fast 
gating of the smooth muscle (b-) splice variant of x1C in à 
manner similar to that of the cardiac a-form, despite the structural 
difference in the N-terminus. Thus our results demonstrate that 
modulation by #2a of both class C splice variants are similar and 
argue against a crucial role of the N-terminal tail in fast-gating 
modulation by the £2 subunit. 


Role of the |--II linker of «1 in functional coupling between «1 
and f subunits 


The interaction between al and / proteins involves a conserved 
motif in the intracellular I-II connecting loop of x1 [14]. A recent 
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a Figure 6 Synthetic «1C—f interaction peptide decreases channel activity and the proportion of long-lasting channel openings in exeised patches 


(A) The upper pane! shows the time course of Ca?*-channel achvity in an excised patch Administration of 10 uM aC interaction peptide is indicated The insert illustrates the stability of 
inside-cut patches during control perfuston of the cytoplasmic side The lower panel shows individual current responses dunng depolarizing voltage pulses before and after administration of l; eag 
Interaction peptide (B) Dwell-tme histograms derived from the experiment shown in (A) DwelHime histograms were fitted to exponential functions (continuous lines) using Marquardt-east-squares 
of maximum-hikelihood method Time constants (r,, T.) and percentual fractions (A, P) of dwell times are given 
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study demonstrates that binding of # subunits to this motif is 
essential for membrane targeting of the «1—£ complex [32]. The 
role of this «1—f interaction domain and of other hypothetical 
interaction sites in functional modulation of al by f subunits is 
still an open question. In the present study we employed a 
synthetic peptide corresponding to a partial sequence of the I-II 
linker of al (AID-peptide) as a tool to disrupt the a1- 
interaction. Jn vitro binding experiments confirmed that this 
peptide exhibits a reasonable affinity to cardiac #2 subunits to 
serve this purpose. Administration of the AID-peptide to the 
cytoplasmic side of inside-out patches resulted in a significant 
change in fast gating of «1C-b- 82a channels in that the P, of the 
channels declined rapidly. This decrease in P, was associated 
with prevention of entry into the ultra-long open state, i.e. a 
modulation consistent with elimination of the functional modu- 
lation of «1C-b by the 52a subunit. The peptide did not exert any 
effect on the function of a1C-b when expressed alone, excluding 
a direct inhibitory effect of the peptide on the a1 subunit. 
It appears thus reasonable to conclude that the employed 
AID-peptide inhibits Ca**-channel activity due to functional 
uncoupling of z1C-b and 82a proteins. In the absence of AID- 
peptide, gating of «1C-b- 2a channels was fairly stable in inside- 
out recordings up to 30 min, despite complete wash-out of any 
free cytosolic # proteins, indicating a tight high-affinity binding 
of the f subunit to «1. Such a high affinity «1— interaction has 
previously been demonstrated in in vitro binding experiments 
[15]. The observed rapid elimination of the typical -induced 
gating behaviour upon addition of excess of the AID-peptide was 
interpreted 1n terms of an increased dissociation rate constant of 
the «1—f complex and thus in terms of a decrease in «1— binding 
affinity by the peptide The basis of this conclusion is that it 
appears reasonable to assume that free # subunit ıs rapidly 
removed by perfusion of the oytoplasmic face of inside-out 
patches, as the 2a subunit employed in the present study lacks 
structures for membrane anchoring [9]. Consistently, removal of 
the AID-peptide after elimination of f modulation did not result 
in recovery of high P, gating of the channels (A. Hohaus and K. 
Groschner, unpublished work), indicating that reassociation of 
al and f is effectively prevented in the inside-out configuration. 
The observed AID-peptide-induced functional uncoupling of the 
subunits is therefore likely to reflect an increased dissociation 
rate of the a1—7 complex. Such a change in dissociation rate 
cannot be explained by a classical competitive interaction at a 
single interaction site according to the principal concepts of 
receptor-ligand interactions [33-35]. Hence the AID-peptide- 
induced reduction of the stabihty of «1— complexes is consistent 
with the hypothesis of multiple «1—Z interaction sites Formation 
of a ternary complex comprised of «1, 2a and the AID-peptide 
is required to explain the observed uncoupling of «1—f interaction 
in inside-out patches. Such a ternary complex involving multiple 
o —f attachment sites is likely to exhibit low stability, resulting 
in rapid dissociation and washout of AID-peptide-bound f 
subunit. This concept implies that, despite the high affinity of 
a1—f interactions observed in vitro, an exchange of f subunits via 
a step-by-step binding mechanism 1s.in principle possible in 
functional channels in vivo. On the basis of our present experi- 
ments we cannot distinguish whether suggested multiple at- 
tachment points are located within the same channel domain, 1.¢ 
the I-II linker, or whether attachment sites are located outside of 
this classical AID. Interaction domains in «1C outside of the 
classical AID have so far not been detected, and recent ex- 
perimental evidence argues against an interaction of subunits 
with the cytoplasmic N- and C-termini of «1C [5]. Nonetheless, 
a recent study shows that mutation of a single amino acid residue 
in AID of «1C-a (Y4678, i.e. Tyr**? — Ser) is sufficient to disturb 
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the effect of /2 on membrane targeting of the channels, but not 
to affect the allosteric modulation of channel function [12]. These 
findings were also interpreted in terms of multiple interaction 
sites between a1 and f subunits and in terms of the existence of 
one low-affinity site that contributes to functional coupling. A 
functionally relevant low-affinity interaction may well take place 
in «1Y467S channels which exhibit none or weak AID inter- 
action, as long as a sufficient concentration of cytosolic g 
proteins is maintained Such low-affinity interaction may well 
explain the f-modulation of a1Y467S channels observed in 
intact HEK 293 cells [12] In the present inside-out experiments, 
disruption of the AID interaction resulted in rapid loss of 
f-modulation. These data suggest that the «1— interaction in 
AID is essential for stabilization of the subunit complex. It 
remains to be clanfied to what extent the AID interaction con- 
tributes to functional coupling between a and 2 subunits. 

Our results provide, for the first time, evidence for principal 
reversibility of Ca**-channel modulation by f subunits and 
suggest disruption of «1— interaction or exchange of f subunits 
as a possible mechanism of channel regulation. 
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Phosphatidylinositol transfer protein (PITP) is critical for many 
cellular signalling and trafficking events that are influenced by 
ethanol. The influence of ethanol and membrane curvature on 
the activity of recombinant mouse PITP-a in vitro is evaluated by 
monitoring the transfer of phosphatidylinositol (PtdIns) from rat 
hepatic microsomes to unilamellar vesicles. Acute exposure to 
pharmacological levels of ethanol enhanced the function of 
PITP. Chloroform shared a similar ability to enhance function 
when both drug concentrations were normalized to their re- 
spective octanol/water partition coefficients, indicating that the 
effect is not unique to ethanol and might be common to 
hydrophobic solutes. Neither the PITP activity nor its ethanol 
enhancement was altered by using thermally pretreated (de- 
natured) or protease-treated microsomes, indicating that the 
native microsomal protein structure was unlikely to be a deter- 
minant of transfer. Kinetic analyses indicated that ethanol acted 
by increasing the PITP-mediated flux of PtdIns from both 


microsomal and liposomal surfaces. The activity of PITP was 
strongly dependent on the lipid structure, with a steep dependence 
on the expressed curvature of the membrane. Activity was 
greatest for small, highly curved sonicated vesicles and decreased 
markedly for large, locally planar unilamellar vesicles. Ethanol 
enhanced PITP-mediated PtdIns transfer to all vesicles, but its 
effect was much smaller than the enhancement due to curvature, 
which is consistent with ethanol's comparatively modest ability 
to perturb membrane lipids. The ethanol efficacy observed is as 
pronounced as any previously described lipid-mediated ethanol 
action. In addition, these observations raise the possibility that 
PITP specifically delivers PtdIns to metabolically active mem- 
brane domains of convex curvature and/or low surface densities 
of lipid. 


Key words: anaesthetic, membrane curvature, membrane 
fluidity, polyphosphoinositide signalling, signal transduction. 





INTRODUCTION 


Alcohol abuse is linked to numerous disorders in many organs, 
including the liver, brain, heart, skeletal muscle and pancreas [1]. 
Ethanol administered acutely and chronically is known to 
interfere with polyphosphoinositide signalling pathways [2,3]. 
The acute administration of ethanol is known to disorder or 
fluidize membranes. Chronic exposure to ethanol induces an 
adaptive change in membrane properties known as membrane 
tolerance that is manifested by a resistance to the disordering 
effects of ethanol [4]. The resistance to disordering was retained 
in liposomes prepared from the phospholipid extracts [5] 
Of the microsomal phospholipid fractions, the ability to resist 
the disordering effects of ethanol was accentuated in the 
phosphatidylinositol fraction [5,6]. 

In intact hepatocytes, ethanol and other short-chain alcohols 
activated the polyphosphoinositide-specific phospholipase C and 
initiated the polyphosphoinositide signal transduction cascade 
[2,3]. In permeabilized hepatocytes (under conditions in which 
hormonal stimulation was abolished), ethanol was ineffective in 
activating G-protein-mediated phospholipase CZ [7]. In platelets 
the activation of the G-protein-mediated phospholipase Cf was 
sensitive to the degree of permeabilization [8]. These studies 
raised the possibility that a cytosolic cofactor might be an 
important element in the response to ethanol. It was shown 
subsequently that controlled permeabilization of HL60 cells 
permitted the release of endogenous phosphatidylinositol transfer 
protein (PITP) while maintaining polyphosphoinositide-specific 


phospholipase C£ levels, but that PITP was critical for activation 
of the signal transduction cascade [9]. These results suggested 
that PITP might be the cofactor required for activation by 
ethanol. Unlike most receptor-mediated agonist activators of the 
signal cascade, ethanol elevated levels of the phosphorylated 
PtdIns products PtdIns4P and PtdIns(4,5)P, [10]. The addition 
of PITP to unstimulated erythrocyte ghosts also elevated 
PtdIns4P and PtdIns(4,5)P, levels [11]. Furthermore, it has long 
been known that the total phospholipid transfer between liver 
organelles m vitro was diminished by chronic treatment with 
ethanol in vivo [12]. 

PITPs are cytosolic proteins originally identified by their 
ability to induce PtdIns transfer (reviewed ın [13]). They are 
ubiquitous 1n mammalian cells. Mammalian PITP has critical 
roles in cellular growth [14], in polyphosphoinositide signalling 
[9,13], in constitutive and regulated vesicular trafficking among 
intracellular organelles [15,16] and in secretory trafficking path- 
ways [17]. Its activity is strongly dependent on the physico- 
chemical status of the membrane, the structure and charge of 
polar head groups, acyl-chain composition and acyl-chain order 
or fluidity [18]. Kinetic models supported a Ping Pong Bi Bi 
mechanism of lipid transfer for PITP [19,20]. Immediately 
downstream in distinct pathways are kinases (phosphoinositide 
3-kinase and phosphoinositide 4-kinase) whose activities also are 
strongly dependent on lipid structure [21]. 

The central location of PITP in these manifestations of 
exposure to ethanol and the known sensitivity of PITP activity to 
membrane structure and order led us to investigate whether the 


Abbreviations used LUV, large unilamellar vesicle, PITP, phosphatidylinositol transfer protein, POPC, 1-palmitoyl-2-oleoyl-3-sn-phosphatidyicholine, 


SUV, smail unitameilar vesicie 
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activity of PITP was altered by ethanol. In the present study, 
the activity of recombinant mouse PITP-« was assayed in vitro 
by monitoring the transfer of radiolabelled PtdIns from rat 
hepatic microsomes to unilamellar vesicles 1n the presence of 
ethanol. Chloroform was examined to gauge whether the 
response was specific to ethanol or whether it might be shared by 
other membrane-fluidizing agents. Thermally pretreated micro- 
somes and protease-treated microsomes were examined to assess 
the role of membrane proteins in PtdIns transfer. Several sizes of 
vesicle were employed to assess the effect of membrane curvature 
on transfer and the effect of ethanol. To evaluate the action 
of ethanol mechanistically, the donor and acceptor membrane 
concentrations were varied and the initial transfer rates were 
evaluated by using non-linear kinetic analyses [19]. 


MATERIALS AND METHODS 
Materlals 


Cholesteryl [1-'4C]oleate and myo-[2-*H]inositol were purchased 
from American Radiolabeled Chemicals (St Louis, MO, U.S.A.). 
| -Palmitoyl-2-oleoyl-3-sn-phosphatidylcholhne (POPC) and 
phosphatidylinositol sodium salt from bovine liver were obtained 
from Avanti Polar Lipids (Alabaster, AL, U.S.A ). Proteinase K 
(Tritirachium album, 10 units/mg) was obtained from Sigma (St. 
Louis, MO, U.S.A.) and used as supplied. All other chemicals 
were purchased from Sigma or Fisher Scientific (Pittsburgh, PA, 
U.S.A.) Recombinant mouse PITP-« was prepared from m- 
clusion bodies after expression of the cDNA in Escherichia coli 
[22] and was stored at —80 °C before use. 


Preparation of donor microsomes and acceptor liposomes 


Microsomes were isolated from rat liver by the method of 
Helmkamp et al. [23] Microsomal PtdIns was radiolabelled by 
head-group exchange of inositol by using myo-[2-*H]inositol, as 
described previously [23,24]. Heat-treated microsomes were 1ncu- 
bated in boiling water for 5 min under argon [25]. 

Protease treatment of microsomes (4.4 mg of protein/ml) was 
done with proteinase K (1 mg/ml) for 20 min at 37?C. The 
reaction was stopped with 5 mM PMSF [added in a methanol 
vehicle, 195 (v/v) final concentration]; 5 vol. of SET buffer 
(0.25 M sucrose/1 mM EDTA/10 mM Tris/HCl, adjusted to 
pH 7.4 with HCl) was added and the membranes were centri- 
fuged at 100000 g for 1 5h. The pellet was resuspended and 
washed twice in 6.25 vol. of SET buffer, and finally resuspended 
in the original volume of SET buffer and stored at —20 °C. The 
microsomal protein content was decreased by 42%. 

Lipids were dried to a thin film under a stream of N,. The lipid 
film was evacuated overmght [to less than 5 mtorr (667 mPa)]. 
The dried lipid film was hydrated at 4 °C with SET buffer. Small 
unilamellar vesicles (SUVs) were obtained by sonication at 4 °C 
for 15 min under N, with a W-225 probe-type sonicator (Heat 
System, Farmingdale, NY, U S.A.) at a continuous power of 
40 W. The sonicated solutions were centrifuged for 10 min at 
3000 g to remove titanium particles and any multilamellar 
vesicles. Large unilamellar vesicles (LUVs) were prepared with a 
freeze-thaw (five cycles) and extrusion protocol [26] that em- 
ployed a lipid extruder (Avestin, Ottawa, Ontario, Canada) at 
ambient temperature. The LUVs were extruded by using five 
passes through two stacked polycarbonate filters of 0.1 or 0.2 um 
pore size; these were designated LUV,,, and LUV og respectively. 


Assay of phosphatidylinositol transfer 


PITP transfer activity was assayed by established methods [23]. 
In brief, the transfer of radiolabelled [3H]PtdIns from microsomes 
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to liposomes composed of POPC and bovine liver PtdIns (98:2 
molar ratio) and a trace (less than 0.01 mol %) of cholesteryl [1- 
“C]oleate was monitored. An aliquot of PITP was added to 
mixtures of the donor microsomes and acceptor liposomes in 
SET buffer for a total volume of 250 al The reaction was 
incubated at 37 ?C for 5 min unless specified otherwise. After the 
incubation, the samples were immersed in 1ce and 50 yl of acetate 
buffer [0.2 M. sodium acetate/0.25 M sucrose (pH 5), 4 ?C] was 
added immediately and mixed to aggregate the microsomal 
particles. After mixing, the samples were centrifuged at 15000 g 
for 20 min at 4 °C to pellet the microsomes. Samples (200 ul) of 
the supernatant were transferred to scintillation vials containing 
0.9 ml of water and 9 ml of Bio-Safe II scintillation cocktail 
(Research Products International Corp., Mount Prospect, IL, 
U.S.A.) and analysed for °H and '*C radioactivities. The radio- 
labels were counted in a Packard Tri-Carb model 1900CA liquid- 
scintillation analyser (Packard Instrument Co., Downers Grove, 
IL, U.S.A.) equipped with a !??Ba external y-ray source, with 
the use of a dual-window analysis (0-9.1 and 9.1—156 keV). 
Typical counting times were 5 min. 

Loss of liposomes from the supernatant due to co-precipitation 
with the microsomal fraction (less than 20 95) was quantified by 
measuring the activity of cholesteryl [1-!*C]oleate. All calculated 
transfer rates accounted for loss from the liposomal fraction. 
Control experiments were performed without PITP to quantify 
spontaneous transfer. The background from spontaneous trans- 
fer was subtracted to yield PITP-mediated transfer rates. At the 
5 min time point, spontaneous transfer rates were as follows 
(expressed as percentages of the total outer-leaflet microsomal 
PH[Ptdins; n> 3; mean S.D): microsomes > SUV, 1.47+ 
0.25 95; thermally pretreated microsomes > SUV, 1.77+0.35%; 
microsomes > LUV,,,, 1 13+0.06%; microsomes — LUV,,,, 
0.95+0.20%. Ethanol did not significantly alter these spon- 
taneous transfer rates. 


Kinetic treatment 


The initial rate (V,) at which PITP catalyses the PtdIns exchange 
between membranes was expressed by the following theoretical] 
rate equation proposed by Van den Besselaar et al. [19] for the 
shuttle or Ping Pong Bi Bi mechanism relevant to PITP: 


k,[PtdIns},, k,[PtdIns], [PITP] 


~ (k, [PtdIns], +k,[PtdIns],) (1 + K, [PtdIns], + K,[PtdIns],) 
(1) 


5 


where k, and k, are rate constants of association of PITP to 
microsomes and to liposomes respectively, and K, and K, are the 
binding constants of PITP to microsomes and to liposomes 
respectively. Our application focused on PtdIns transfer and 
neglected the lower phosphatidylcholine transfer capabilities of 
PITP. Consequently the rates are meant to be descriptive from a 
mechanistic standpoint, with the differences being more signifi- 
cant than absolute values V, is dependent on the amounts of 
PtdIns, [PtdIns], and [PtdIns], present in the outer leaflet of 
the microsomal and liposomal membranes respectively [19]. The 
initial [PtdIns], and [PtdIns], were determined as follows. Rat 
hepatic microsomal membranes contain 8.5 mol % PtdIns of the 
total phospholipid [6]. The concentration of phospholipids in the 
microsome was 0.374 mg/mg of protein [27]. In microsomal 
membranes, PtdIns 1s distributed symmetrically [28]; the outer 
leaflet therefore contained half of the microsomal PtdIns. In 
curved liposomes the leaflets are not equally populated, so that 
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packing and mean headgroup areas vary with liposome size. In 
sonicated vesicles, approx. 70% of the phospholipids are in the 
outer leaflet [29]. The transbilayer distribution of phospholipids 
in SUVs depends on packing and electrostatic factors [30], 
resulting in a PtdIns distribution that closely resembles the 
inside-to-outside ratio of phosphatidylcholine [31]. The units of 
the fitted parameters are as follows. The association rate constant 
k is expressed as umol of PtdIns transferred/umol of PtdIns in 
the microsomal outer leaflet per yM PITP. The association rate 
constant k, is expressed similarly, with the liposomal outer leaflet 
PtdIns concentration replacing that of the microsomes. Both 
expressions reduce to units of uM: min“. The dissociation rate 
constants k , and k , are expressed in units of min !. The initial 
velocities are expressed in units of umol of PtdIns transferred /min 
per umol of PITP. 


RESULTS 
Effects of ethanol on PITP activity 


The dependence of the initial PtdIns transfer velocity on PITP 
concentration 1s shown in Figure 1(A) for PtdIns transfer between 
donor microsomes and acceptor SUVs at 37?C. The initial 
transfer rate (V,) is expressed as the percentage of the total outer- 
leaflet microsomal ['H]PtdIns pool that was transferred to the 
acceptor liposomes. The PtdIns transfer rates were taken from 
the 5 min time point, which was well within the linear range of 
transfer, as shown in the time course (inset) for 0.017 uM PITP. 
Background transfer levels in the absence of PITP were small for 
this microsome/SUV assay and also for the microsome/LUV 
assay discussed below, as summarized in the Materials and 
methods section. 

-The presence of ethanol accelerated the PtdIns transfer 
mediated by PITP as shown in Figure 1(B) for the 0.017 uM 
PITP situation in Figure 1(A) The-inset shows the time 


-course of the ethanol enhancement, which confirmed that the 


5 min point was also within the linear regime when ethanol 
was present. To represent more accurately the consistency of 
the ethanol effect, the ethanol enhancement was plotted as the 
increase in the rate of PITP-mediated PtdIns transfer caused by 
the presence of ethanol Shown on the right-hand axis is the 
ethanol-induced increase in PITP activity. Transfer in the absence 
of PITP was not altered by ethanol (results not shown). The 
ethanol concentrations examined comprise the pharmaco- 
logically relevant range for rats; the range for humans is half as 
much [32]. The ethanol concentrations used here were well below 
those (more than 7 M) known to compromise liposomal integrity 
[33]. 

To assess whether the enhancement was specific to ethanol or 
a general response to organic solvents (i.e. a common property of 
anaesthetics or membrane perturbants), tbe effect of chloro- 
form on PtdIns transfer is shown in Figure 1(C). Chloroform 
accelerated PtdIns transfer, but at much lower concentrations 
than was observed for ethanol. The chloroform and ethanol 
concentration axes shown in Figure 1(C) were matched by 
normalization to the respective octanol/water partition 
coefficients (P...) [34]. The total chloroform concentrations are 
shown. Aqueous concentrations were estimated to be approx. 
5% less. For reference to a common biological endpoint, the 
arrows reflect the respective narcotic concentrations in 
amphibians [35]. Plotted as normalized concentrations, . their 
efficacies are similar. Similar efficacies at concentrations 
normalized to P,,, suggest a hydrophobic mechanism of actian 
[34]. : 
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Figure 1 Activity of PITP and the effects of chloroform and ethanol - 


The ability of PITP to transfer Ptdins # wiro from donor microsomes (80 ug/ml protein) to 
acceptor liposomes (SUVs; 0 4 mg/mi) and the ability of ethanol and chloroform to accelerate 
Ptdins transfer are shown (A) The PITP dose-response curve for PITP-mediated Ptdins transfer 
after a 5 min Incubation at 37 °C is shown (n = 4—6) The inset shows the time course of 
increases in Pldins transfer for 0.017 uM PITP (n = 6). (B) The enhancement of PITP- 
mediated (0017 uM PITP) PtdIns transfer by ethanol after a 5 min incubabon at 37 °C is 
presented as the increase in transfer caused by the presence of ethanol (n = 3--16) The inset 
shows the bme course of increases in Ptdins transfer caused by ethanol (225 mM) for 
0017 uM PITP (n = 6) (C) Comparison of the enhancement of PITP-mediated Ptdins transfer 
by ethanol (@, n = 3-16) and by chloroform (A, n= 3, except at 124 mM, for which 
n= 1) at 0.017 uM PITP. The nght-hand axes in (B) and (C) show the percentage increase in 
the PITP activity caused by ethanol or chloroform The concentrabons of chioraform and ethanol 
were matched using their respective octanol/water partition coefhicients [34], The arrows 
represent the reported biological endpoint for narcosis in amphibians [35]. The data were fitted 
by linear regression, error bars show S D Abbreviation PI, PtdIns 


Influence of microsomal membrane proteins on PITP activity 


To address whether microsomal proteins participated in the 
transfer process or influenced the sensitivity to ethanol, the assay 
was conducted with microsomes that had been briefly incubated 
in boiling water (5 min) before the assay or had been subjected 
to protease pretreatment. The thermal treatment had previously 
been shown to abolish the ability of microsomes to bind ethanol 
saturably [25]. The protease treatment decreased the microsomal 
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Figure 2 Effect of membrane curvature on Ptdins transfer and its 
enbancemant by ethanol 


(A) The increase in PiTP-mediated Ptdins transfer as a function of PITP concentration is shown 
for highly curved sonicated vesicles (Bil) and for more planar extruded vesicles LUV ss (A) 
and LUV, (O). (B) The effect of ethanol on Ptdins transfer for the liposomes shown In (A) 
Is presented as the increase in transfer caused by tha presence of ethanol! (C) The slope from 
(A) plotted against the slope from (B) (D) The increase in PITP activity induced by ethano! for 
each vesicle size All conditions were as described in the legend to Figure 1 (sonicated vesicles, 
A= 3-16, LUV yp and LUV, n = 3, error bars show S.D) Abbreviation PI, Ptdins 


protein content by 42%. Neither thermal pretreatment nor 
protease pretreatment of the donor microsomes affected the 
PITP-mediated PtdIns transfer or its ethanol enhancement 
(results not shown). This result was consistent with the micro- 
somal proteins neither bemg involved in the transfer process nor 
being the source of the hydrophobic site that was responsible for 
the response to ethanol. 


Effects of Iposomal size/curvature on PITP activity and Its 
ethanol enhancement 


Figure 2 presents the effects of liposomal size on PtdIns transfer 
in the absence and the presence of ethanol. PITP-mediated 
PtdIns transfer was sharply diminished with the increased size of 
the acceptor vesicles (Figure 2A). The most planar acceptor 
membranes exhibited the slowest rates of transfer; conversely, 
the most curved membranes exhibited the fastest rates of transfer. 
The relative rates were as follows: SUV, 7.1; LUV,,,, 1.9; 
LUV,,,, 1.0. The dose response to ethanol mirrored that of PITP 
concentration, as shown in Figure 2(B). The ethanol-induced 
increase in PITP-mediated PtdIns transfer was least for the most 
planar membranes and greatest for the most curved membranes. 
However, when the decreased activity of PITP in the larger 
vesicles was accounted for, the enhancement of PITP activity by 
ethanol was independent of vesicle size. The slopes in Figures 
2(A) and 2(B) are plotted in Figure 2(C) to indicate that changes 
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Figure 3 Kinetic analysts of Ptdins transfer 


The initral velocities of PtdIns transfer were obtained for a vanety of microsomes and sonicated 
liposome (SUV) concentrabons and fitted to the kinehc model of aqn (1) with the parameters 
shown in Tabla 1 Shown are two representative slices of these data and the corresponding fits 
in the absence (A) and the presence (@) of 225 mM ethano) (A) The slice shown 
demonstrates the dependence of the initial transfer rate on the liposome concentration at 
constant microsome concentration (1.49 uM outer-ieaflet microsomal Ptdins) (B) A second 
slice through the data set is presented in double-reciprocal format for constant liposome 
concentration (0.952 4M outer-leaflet liposomal Ptdins) and various microsome concentrations 
Solid lines represent kinetic fits from eqn (1), dotted lines represent regression analyses of the 
linear regime of the data sats In both panels the liposome and microsome concentrations were 
expressed in terms of the concentration of Ptdins on the outer leaflet of the liposome or 
microsome (see the tex) Abbreviation PI, Ptdins 


in the degree of curvature exerted similar effects on the dose- 
response curves of both PITP and ethanol. Similarly, when the 
influence of ethanol was expressed in terms of its ability to 
enhance the PITP activity, no dependence on curvature could be 
discerned (Figure 2D). The effect of ethanol was applicable to 
membranes of all degrees of expressed curvature. 


Kinetic analysis of the ethanol enhancement 


A kinetic analysis of PtdIns transfer was undertaken to provide 
a mechanistic description of the enhancement by ethanol. Initial 
transfer velocities were obtained as a function of donor and 
acceptor membrane concentrations. A three-dimensional non- 
linear regression analysis of the initial velocities to the theoretical 
rate equation [eqn (1)] was performed. A representative slice 
through the data set is shown in Figure 3(A) for a constant 
microsome concentration and various liposome concentrations 
in the presence and the absence of ethanol. The sharp en- 
hancement by ethanol is evident, and the fit to eqn. (1) was 
reasonable. 

The fitted parameters (k,, Kp K, and K,) are summarized in 
Table 1. Parameters k , and k_,, the dissociation rate constants 
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Table 1 Effects of ethanol on kinetic parameters 


k ky K and K, were obtained from non-linear regression analysis based on 63 values (/) for outer-keaflet concentrations [Ptdins], = 0.14—5 9 uM and [Ptdins], = 020-38 uM, at 0.034 uM 
[PITP]. K; and k, were calculated from k, = 4,/K, and k = k/K, r is the correlation coefficient of the regression analysis Results are presented as means +S EM 


Ethanol (mM) k (uM mn) ka (ming) k, (uM! min) 
Ü 23 3 23 78 +28 
225 8211 32 200 4- 81 


k (min!) K (uM !) K (uM) n ^u 
487 102-03 0.164004 63 081 
1834 1706 0114+003 63 074 





of PITP from microsomes or SUYs respectively, were calculated 
from the following relations: k = k,/K, and k_, = k,/K, [19]. 
Ethanol (225 mM) approximately doubled the association and 
dissociation rate constants, indicating that it lowered the ac- 
tivation barrier to the PITP-mediated insertion and desorption 
of PtdIns. In contrast, the binding of PITP to the membranes 
was largely unaffected. 

A second slice through the data set is presented in Figure 3(B) 
in the double-reciprocal format occasionally used to assess the 
activities of phospholipid transfer proteins [20]. In the slice 
shown, the microsome concentration was varied at a constant 
liposome concentration. The solid lines represent the fits from 
eqn. (1) that were shown in Figure 3(A) and compiled in Table 1 
The upturn at high membrane concentrations is characteristic of 
phospholipid transfer proteins and was reproduced by the kinetic 
model. This effect arises largely from a diminution of the aqueous 
PITP concentration owing to binding at the microsomal mem- 
brane surface; an analogous decrease in the initial transfer 
velocity at high liposome concentrations is apparent in Figure 
3(A). The dotted lines show a regression analysis of the linear 
portion of the curve. K,, was not significantly altered (0.66 +0.10 
to 0.55+0.15 uM for outer-leaflet microsomal PtdIns in the 
absence and the presence of ethanol respectively). Ethanol 
enhanced V... (0.46 +0.05 to 0.80+0.15 umol/min per umol of 
PITP in the absence and the presence of ethanol respectively). 


DISCUSSION 
Ethanol and PITP 


The activity of PITP is very sensitive to the physical character of 
membranes. Acylchain order and surface charge greatly 
influence the activity of PITP [18], with PtdIns transfer being 
enhanced at more disordered or fluidized membranes [18]. Here 
we have illustrated the steep functional dependence on lipid 
structure by showing that the activity of PITP is strongly 
dependent on the expressed curvature of the acceptor vesicles. 
Steep functional dependences on expressed curvature have pre- 
viously been reported for phosphatidylcholine transfer protein 
[36,37], phosphoinositide 4-kinase and phosphoinositide 3-kinase 
[21]. Ethanol enhanced the activity of PITP by increasing the 
PITP-mediated flux of PtdIns at the membrane surface. This 
ability to enhance PITP activity was not unique to ethanol: 
chloroform also enhanced PITP activity. Chloroform shares 
ethanol’s ability to disorder or fluidize membranes. Their abilities 
to disorder membranes are correlated with their respective 
octanol/water partition coefficients [38]. Similarly, their abilities 
to enhance PITP transfer are correlated with their octanol/water 
partition coefficients. This result suggests that an enhancement of 
PITP activity could be a general consequence shared by 
membrane-fluidizing agents. However, membrane fluidity is only 
one of many biochemical processes involving hydrophobic sites 
that are correlated with octanol/water partitioning [39]. To 


investigate the role of microsomal proteins in the activity of 
PITP or its ethanol enhancement, transfer from thermally 
pretreated microsomes was monitored. We have shown pre- 
viously that brief thermal pretreatment abolished the saturable 
binding of ethanol in microsomes [25]. Thermal pretreatment of 
the donor microsomes did not alter the activity of PITP and did 
not alter the enhancement by ethanol. Similar results were 
obtained with protease-treated microsomes. It is therefore un- 
likely that microsomal proteins or hydrophobic regions within 
them have a direct role in PITP transfer. 

The activity of PITP depends inversely on the size of the 
liposomes. Smaller vesicles exhibit greater local convex curvature, 
greater headgroup areas and smaller cohesive forces in the outer 
leaflet in comparison with larger, more planar vesicles [40]. 
Similarly, ethanol and chloroform are membrane perturbants 
that fluidize membranes, increase headgroup areas and decrease 
cohesive forces between membrane lipids. PITP is very sensitive 
to the cohesive forces in membranes: a correlation between 
cohesive forces and phospholipid extraction has been postulated 
[41]. Ethanol enhanced the spontaneous desorption of fluorescent 
phospholipid analogues from lipid bilayers owing to its ability to 
decrease the cohesive forces between phospholipids in membranes 
[42]. The kinetic analysis supported this reasoning by showing 
that ethanol increased the successful insertion/desorption rates 
without significantly affecting PITP binding. The potential im- 
portance of the cohesive forces or membrane surface tension on 
PITP activity can be understood from the phospholipid exchange 
mechanism formulated from the recent crystal structure of the 
non-homologous yeast PITP [43]. The yeast PITP contained an 
unusual surface helix that was proposed to act like a swinging 
door, swinging into the membrane to sweep open a cavity and 
deposit the incoming phospholipid, then swinging back to 
abstract the outgoing phospholipid. The model was so disruptive 
to the membrane phospholipids that the authors termed it the 
‘bulldozer model’. Thus phospholipid exchange might be 
influenced by lateral cohesive forces between the membrane 
lipids that, in turn, were altered by curvature, chloroform or 
ethanol. 

A dynamic viewpoint gives rise to a subtly different, but 
complementary, physical interpretation of ethanol’s actions. 
Alcohols and other non-polar solutes are known to induce 
fluctuations in the shape of membranes by locally reducing the 
bending modulus (membrane stiffness) [44,45]. Consequently 
the alcohol-containing membranes are more malleable and more 
prone to local deformations, which would reduce the energy 
barriers to transfer. 

The reasoning for a lipid-mediated pathway of ethanol action 
is based on a comparison of the effects of membrane structure on 
PITP activity and the known effects of ethanol on membrane 
structure, with the locus being the cohesiveness of the mem- 
brane lipids. An alternative explanation is that ethanol or 
chloroform binds to the hydrophobic acyl-chain-binding sites of 
PITP to enhance transfer. If this were true, we would expect 
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transfer to be diminished, not enhanced. When alcohols and 
anaesthetics bind to hydrophobic clefts meant to dock with 
hydrophobic substrates, they interfere with or weaken substrate 
binding [46]. However, it is the competition between the asso- 
ciation energy of the PtdIns-PITP complex and the association 
energy of the bilayer lipids (cohesiveness) that determines the 
transfer rate (for constant electrostatic factors) [41]. When the 
binding strength 1s much greater than the lipid cohesiveness, the 
surface flux is high. It is thought that the extraction/desorption 
step of the transfer process 1s rate-limiting, owing to the difficulty 
of overcoming the cohesive forces in the membrane, as is 
necessary for lipid extraction. If ethanol were to act by binding 
to the hydrophobic cleft, it would weaken the strength of the 
PtdIns-PITP complex and decrease the speed of transfer. 


implications for ethanol action 


Historically, explanations for the common actions of organic 
solvents (anaesthetics) have fluctuated between protein, lipid and 
interface theories. More recently, opinion has shifted from lipid 
theories to protein theories as evidence has accumulated that 
clearly 1mplicate hydrophobic regions of proteins as common 
targets of alcohols and anaesthetics [25,47]. This has led some to 
question whether any of the functional effects of alcohols and 
anaesthetics-are mediated by membrane lipids [47]. Persuasive 
evidence for lipid-mediated actions of ethanol has been presented 
but is limited [48-50]. The sensitivity to ethanol described here 
for PITP rivals or exceeds that of any previously described lipid- 
mediated action of ethanol. Ethanol 1s best viewed as a very 
promiscuous molecule that acts on the hydrophobic regions of 
all biomaterials. 

PITP might be a prototypical example for proteins that are 
sensitive to ethanol’s effects on bulk lipids. Foremost, its function 
is exquisitely sensitive to membrane structure. By comparison, its 
sensitivity to ethanol is modest, being consistent with the modest 
lipid perturbations exerted by pharmacological concentrations 
of alcohols and anaesthetics [4]. A steep functional dependence 
on lipid structure and a comparatively modest functional de- 
pendence on alcohol are likely to be common features of proteins 
influenced by ethanol’s effects on membrane lipids. Thus a 
strong sensitivity of proteins to lipid structure is likely to be 
a prerequisite for mechanisms of ethanol action mediated by 
bulk lipids. 


Membrane curvature and PITP 


It is a puzzle why PITP is critical to many biochemical processes. 
Membranous PtdIns stores are known not to be depleted 
significantly in processes that require PITP [9,11]. PITP seems to 
deliver PtdIns to metabolically active sites in the membrane, 
rather than passively maintaining the membrane’s overall PtdIns 
content. The marked sensitivity of PITP to membrane structure 
provides a plausible mechanism for the ability of PITP to direct 
the delivery of PtdIns to metabolically active membrane domains. 
Transfer to membrane regions of convex curvature or low lipid 
surface density, as shown above, is markedly enhanced in 
comparison with transfer to planar regions. Because phospho- 
inositide 3-kinase and phosphoinositide 4-kinase also are much 
more active at convex surfaces [21], the potential exists for 
exponential increases in the production of PtdIns3P and 
PtdIns4P at curved membrane regions 
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Control of gene expression in intestinal cells is poorly understood. 
Molecular mechanisms that regulate transcription of cellular 
genes are the foundation for understanding developmental and 
differentiation events. Mucin gene expression has been shown to 
be altered in many intestinal diseases and especially cancers of 
the gastrointestinal tract. Towards understanding the tran- 
scriptional regulation of a member of the 11p15.5 human mucin 
gene cluster, we have characterized 3.55 kb of the 5’-flanking 
region of the human mucin gene MUCSB, including the pro- 
moter, the first two exons and the first intron. We report here the 
promoter activity of successively 5’-truncated sections of 956 
bases of this region by fusing it to the coding region of a 
luciferase reporter gene. The transcription start site was de- 
termined by primer-extension analysis. The region upstream of 
the transcription start site is characterized by the presence of a 
TATA box at bases —32/-—26, DNA-binding elements for 
transcription factors c-Myc, N-Myc, Spl and nuclear factor 
«B as well as putative activator protein (AP)-1-, cAMP- 
response-element-binding protein (CREB)-, hepatocyte nuclear 


factor (HNF)-1-, HNF-3-, TGT3-, gut-enriched Krüppel factor 
(GKLF)-, thyroid transcription factor (TTF)-I- and gluco- 
corticoid receptor element (GRE)-binding sites. Intron 1 of 
MUCSB was also characterized, it is 2511 nucleotides long and 
contains a DNA segment of 259 bp in which are clustered eight 
tandemly repeated GA boxes and a CACCC box that bind Spl. 
AP-2a and GATA-1 nuclear factors were also shown to bind to 
their respective cognate elements in intron 1. In transfection 
studies the MUCSB promoter showed a cell-specific activity as it 
is very active in mucus-secreting LSI74T cells, whereas it is 
inactive in Caco-2 enterocytes and HT-29 STD (standard) 
undifferentiated cells. Within the promoter, maximal transcrip- 
tion activity was found in a segment covering the first 223 bp 
upstream of the transcription start site. Finally, in co-transfection 
experiments a transactivating effect of Spl on to MUCSB 
promoter was seen in LSI74T and Caco-2 cells. 


Key words: differentiation, LS174T, Myc, Spl, transcription. 





INTRODUCTION 


Human mucins are the main glycoprotein component of epithelial 
secretions and play important roles in maintaining mucosae 
integrity. So far, eight genes have been described [1] and among 
them MUC6-MUC2-MUCSAC-MUCSB are clustered on human 
chromosome 11p15.5 [2]. Previous studies have demonstrated 
that the expression of these four genes is tissue- and cell-specific, 
and that their expression is dysregulated during the pathogenesis 
of several diseases [3]. These results suggest that mucin gene 
expression is tightly regulated. MUCSB is mainly expressed in 
normal bronchus, submaxillary glands, endocervix, pancreas [4] 
and gall bladder [5,6]. Interestingly enough, MUCS5B has been 
shown to be highly expressed in colon cancer [3] and especially 
in the mucus-secreting colon cancer cell lines HT-29 MTX 
(methotrexate) [7] and LS174T [6]. 

The MUCSB gene is 39.09 kb in length, contains 49 exons and 
encodes a 5701-amino-acid polypeptide with an M, of approx. 
627000. MUCSB shows extensive similarity in its 5° and 3’ 
regions to the other genes of the cluster MUC2, MUCSAC and 
MUC6 [8-11]. Regarding MUCSB regulation, we showed pre- 
viously that intron G, now called intron 37 (30 kb downstream 
of the ATG), contains eight repeats of a perfect Spl (GGGCGG)- 
binding site [9]. It binds Sp! and a 42-kDa nuclear factor called 
NFI-MUCSB specific to the mucus-secreting colon cancer cell 
line HT-29 MTX [12]. 


Regarding the other 11p15.5 mucin genes, promoter sequences 
and transcriptional regulation are known for MUC2 and 
MUCSAC. MUC2 a prominent mucin gene expressed in the 
colon, has a TATA and a CCAAT box as well as predicted 
binding sites for many transcription factors [13,14]. Transfection 
studies carried out in colon cancer cell lines (HT-29, LS174T) 
showed that a region in the promoter of MUC?2 that extends 
848 bp upstream of the ATG confers maximal transcriptional 
activity [13]. Gum et al. showed that a short segment including 
bases —91/ — 73 relative to the start site was essential for basal 
promoter activity in several colon cancer cell lines [14]. By the 
means of transgenesis, the same group showed that cis-elements 
necessary for MUC2 goblet-cell-specific expression are present 
within the MUC2 promoter [15]. More recently, it was shown 
that Spl regulates rat muc2 gene transcription in lung cells [16]. 
Li et al. showed that Pseudomonas aeruginosa lipopolysaccharide 
activates a c-Sre-Ras-MEK 1/2-pp90rsk signalling pathway that 
leads to activation of nuclear factor «B (NF-«B; p65/p50) [17]. 
Activated NF-«B binds to «B sites in the 5’ proximal region of 
the gene and induces MUC? transcription [18,19]. 

MUCSAC is highly expressed in airway epithelial cells and in 
the stomach. A TATA box is located at —23/—29 of the 
transcription start site and putative binding sites for Spl, 
activator protein (AP)-2, glucocorticoid receptor element (GRE), 
NF-«B as well as a CACCC box were found within the promoter 
[20]. MUCSAC transcription is activated. when bronchial ex- 


Ree RUA ri 


Abbreviations used: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MTX. methotrexate: STD, standard; RT. reverse transcriptase. NF-«B. 
nuciear factor «B; AP, activator protein; UTR, untranslated region; GRE. glucocorticoid receptor element; HNF, hepatocyte nuclear factor; GKLF, gut- 


enriched Krüppel factor; TTF, thyroid transcription factor. 


' To whom correspondence should be addressed (e-mail vanseuni(alille inserm.fr). 
The nucleotide sequences reported here have been submitted to GenBank under the accession numbers AJ011582 and AJO012453. 
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plants, airway epithelial cells (NCIH292) or colon cancer cells 
(HM3) are exposed to P. aeruginosa or its exoproducts in 
cell-free supernatants. Both MUC2 and MUCSAC are up- 
regulated by other Gram-positive and Gram-negative organisms 
[20]. These results suggest that the pathology of cystic fibrosis 
bacterial infection increases MUC2 and MUCSAC mucin 
mRNA production. 

In this report, we present the genomic sequence of 3.55 kb 
of the MUC5B 5'-flanking region that includes the promoter and 
the first intron The promoter and first intron were characterized 
and several important cis-elements that bind nuclear factors 
(Spl, N-Myc, NF-«B, TGT3, AP-2« and GATA-1) were 
identified. MUCSB transcriptional activity was studied in colon 
cancer cell lines that are undifferentiated [HT-29 STD (standard)] 
or that either differentiate 1n mucus-secreting cells (LS174T) or 
in enterocytes (Caco-2). It appears that MUCSB expression 
shows cell-specificity and is the highest in mucus-secreting colon 
cancer cell line LS174T. The roles of the structural and functional 
properties of the MUCSB promoter in MUCSB gene tran- 
scription are discussed. 


MATERIALS AND METHODS 
Cloning 


Inserts were prepared using the restriction map of two cosmid 
clones called ELO9 [21] and BENI [8], which cover the 5 
proximal region of MUCSB. Gel-purified fragments (Qiaquick 
gel extraction kit, Qiagen) were subcloned into the promoterless 
pGL3 Basic vector (Promega). Internal deletion mutants were 
generated by PCR using pairs of primers bearing specific 
restriction sites at their 5’ and 3’ ends. PCR products were 
digested, gel-purified and subcloned into the pGL3 vector that 
has previously been cut with the same restriction enzymes. All 
clones were sequenced on both strands on an automatic LI-COR 
sequencer (ScienceTec, France) using infrared-labelled RV3 and 
GL2 primers (Promega). Plasmids used for transfection studies 
were prepared using the Endofree plasmid Mega kit (Qiagen). 


Cell culture 


The LS174T cell line was cultured in a 37 °C incubator with 5% 
CO, in Dulbecco's modified Eagle's minimal essential medium 
supplemented with non-essential amino acids and 10% foetal 
calf serum (Boehringer Mannheim). Other human colon adeno- 
carcinoma cell lines were cultured in a 37 °C incubator with 10% 
CO, in Dulbecco's modified Eagle's medium supplemented with 
either 10% (HT-29 STD, HT-29 MTX) or 20 % (Caco-2) foetal 
calf serum. All cell lines were a kind gift from Dr A. Zweibaum 
(Unité INSERM N°178, Villejuif, France). 


Reverse transcriptase PCR (RT-PCR) 


Total RNAs from colon cancer cells were prepared using the 
RNeasy midi-kit from Qiagen. Cells were harvested at 70% 
confluence and 1.5 ug of total RNA was used to prepare cDNA 
(Advantage? RT-for-PCR kit, Clontech), PCR was then per- 
formed on 5 yl of cDNA using specific pairs of primers for 
MUC2 and MUCSB mucin genes (M.-P. Buisine, N Moniaux, 
S. Nollet, E. Destailleur, I. Van Seuningen, A. Laine, N. Porchet 
and J.-P. Aubert, unpublished work): MUC2 forward primer, 5’- 
CTGCACCAAGACCGTCCTCATOG-3' , MUC2 reverse primer, 
5'-GCAAGGACTGAACAAAGACTCAGAC-3 (positions nt 
15291-15312 and nt 15667-15691, accession number 1.21998 
[220; MUCSB forward primer, 5'-CTGCGAGACCGAGGT- 
CAACATC-3’; MUCSB reverse primer, 5'-TGGGCAGCAGG- 
AGCACGGAG-3’ (positions nt 9057-9078 and nt 10108-10127, 
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Table 1 Sequences of the pairs of oligonucleotides used in PCR to produce 
deletion mutants in the MUCBB 5'-fianking reglon (see Figure 1) 


Kpn! (GGTACC), Sacl (GAGCTC) and M/ul (ACGCGT) sites were added at the ends of the 
primers to direct subcloning (underlined). Positions of the DNA fragments in MUCSB 5’-flanking 
region relative to the transcription start site are indicated S, sense, AS, antisense 





























pGL3 deletion Position of the 
mutant DNA fragment Orientation Oligonucleotides used for PCR (5’ — 32 
1916 —956/457 S$ CGCGGTACCGAGGTATTGCAGCGC 
AS CGCACGCGTCCTGGGGGCTGGCAC 
1896 —956/—1 S CGCGGTACCGAGGTATTGCAGCGC 
AS CGCACGCGTIGCTTGCTCCCCTGGGGGC 
1597 —23/4+57 S$ CGCGAGCTCTCCCTICCGATICTCAGA 
AS CGCACGCGTCCTGGGGGCTGGCAC 
1596 —223/—1 S CGCGAGCTCTCCCTICCGATTCTCAGA 
AS CGCACGCGTTGCTTGCTCCCCTGGGGGC 
1895 —958/—223 $ CGCGGTACCGAGGTATTGCAGCGC 
AS CGCACGCGTAGAGAAGGGCCTACCCCA 
1595 —446/—223 S$ CGCGAGCTCCAGCCTCGTGGGCCCTCG 
AS CGCACGCGTAGAGAAGGGCCTACCCCA 
1598 —955/[—441 S CGCGGTACCGAGGTATTGCAGCGC 
AS CGCGAGCTCAGGCATGCACATGGC 


accession number Y09788 [9]). Single-stranded oligonucleotides 
were synthesized by MWG-Biotech, Ebersberg, Germany 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 
as an internal control. PCR reactions were carried out in 50-ul 
final solutions [5 wl of Perkin-Elmer buffer, 5 ul of 25 mM 
MgCl, 5 ul of 2.5 mM dNTPs, 10 pmol of each primer, 2 units 
of Taq polymerase (Ampli Taq Gold, Perkin Elmer)]. Cycling 
conditions were as follows: (i) denaturation, 96 °C, 10 min for 
one cycle, (ii) denaturation, 96 °C, 30 s; annealing, 60 °C, 30 s; 
and extension, 72 °C, | min for 30 cycles and (ii1) final extension, 
72 °C, 15 min. PCR products were analysed on 2% E-gels run 1n 
] x Tris/borate/EDTA buffer (Invitrogen). Mixed ladder was 
purchased from Invitrogen. Expected sizes of PCR products 
were 401 bp for MUC2 and 415 bp for MUCSB. 


Primer extension 


Primer-extension reactions were performed using 25 ug of total 
RNA 1solated from LS174T and HT-29 MTX cell lines. Primers 
were end-labelled with [y-?*P|dA TP. Exon 1 reverse primer, 5’- 
TGCCTGCGGCACCACGAGCATG-3' (see Figure 2B below) 
was annealed to RNA at 62 ?C for 20 min followed by a 10 min 
incubation at room temperature. Extension was performed as 
described ın the Promega primer-extension kit using 200 units of 
Moloney-murine-leukaemia virus (MMLV) RT (Advantage? 
RT-for-PCR kit, Clontech) for 45 min at 42 °C Reactions were 
stopped by adding 20 ul of loading buffer (98% formamide/ 
10 mM EDTA/0.1% xylene cyanol/0.1 95 Bromophenol Blue). 
$X174 DNA/Hinfl dephosphorylated markers were radio- 
labelled with [y-"P]dA TP just before use (Promega). Manual 
sequencing of fragment 1429 (DNA fragment of MUCS5B pro- 
moter region) was performed using the T7 Sequenase version 2.0 
kit (Amersham). Samples were denatured for 10 min at 90 *C 
before loading on a 6% sequencing gel (Sequagel-6, National 
Diagnostic). The gel was then vacuum-dried and auto- 
radiographed for 3-4 days at —80 °C. 


Oligonucleotides and DNA fragments 


Oligonucleotides used for PCR are shown 1n Table 1. Those used 
for gel-shift assays are indicated in Table 2. They were synthesized 


Table 2 Sequences of the sense oligonucleotides used for gel-shift-assay 
experiments 


Mutated bases are in bold. Antisense complementary oligonucleotides were also synthesized 
and annealed to the sense oligonucleotides to produce double-stranded DNA. 


Olgenucleatide (sense orientation) Sequence (5° — 3^) 


Man rrr matt 


GAGAGCAAACACACGTGGCTGGAG 
CTGCTGGGGGTGGGEGCGICCTGG 
CAGAGGCTGGGATTCCCTTCCAGC 
GGCTGGCATTGGACAAGCGCACGT 
GAGGACCCCGGGCAGGTCCAGGAC 
TTAGGGGACACACCCCAAAGT 
GCAGGGGAGGGGCTGCCTGGG 
GCATTAGAGGGGCTGCCTGGG 
GCAGGGATTGGGCTGCCTGGG 
GCAGGGGAGCTACTGCCTGGG 
COCTTGGGGCGGCCAACGCCT 
ACGTCCTGTGGCCGGGGGAAGGCA 
ACGGAGCAGATAACCAAGGGC 
GCAGGGGGCTTCCCCCAGTGG 


C-Myc/N-Myc/Max site/promoter 
CACCC/Sp1 site/promoter 
NF-«B site/promoter 
CCAAT site/promoter 
TGT3 site/promoter 
CACCC box/intron 1 

GA box/intron 1 

Mutated GA box no. 1 
Mutated GA box no. 2 
Mutated GA box no. 3 
Spt site/intron 1 

AP-2 site/intron 1 

GATA-1 site/intron 1 
NF-«B site/intron 1 





by MWG-Biotech. Annealed oligonucleotides were radiolabelled 
using T4 polynucleotide kinase (Promega) and [y-"?P]dATP. 
Radiolabelled probes were separated from free nucleotides on 
Sephadex G-25 columns (Boehringer Mannheim). DNA frag- 
ment 1472 was produced by PCR (forward primer, 5-CGCG- 
AGCTCGATAACCAAGGGCAGTCA-3'; reverse primer, 5’- 
CGCACGCGTTCCACCCCGACCCACAGC-3) and cloned 
into the pGL3 vector. This fragment contains the eight GA boxes 
found in intron 1. The fragment was cut out of the vector by 
Sacl-Mlul double digestion, gel-purified and labelled with [a- 
"P]dCTP at the 3’ end by a fill-in reaction using the Klenow 
fragment (Boehringer Mannheim). 


Transfections 


Cells from the human colon adenocarcinoma cell lines HT-29 
STD (parental undifferentiated cell line), Caco-2 (enterocytes) 
and LS174T (goblet cells, mucus-secreting) were electroporated 
using Gene Pulser I] apparatus (Bio-Rad) on day 7 (70°, 
confluence). Before electroporation, 25 ug of plasmid were added 
to the cells. In co-transfection experiments, 20 ug of pGL3 
deletion mutant and 5 ug of pCMV-Spl or pCMV-Sp3 were 
used. After a 10-min incubation at room temperature, transfected 
cells were plated and incubated for 48 h at 37°C. Total cell 
extracts were prepared using | x Reagent Lysis Buffer (Promega) 
as described in the manufacturer's instruction manual. Results 
were corrected for transfection efficiency by co-transfecting 2 ug 
of pSV-fGal vector (Promega). /-Galactosidase activity was 
measured in 96-well plates as described in the manufacturer's 
instruction manual using 50 wl of cell extracts (Promega). Lu- 
ciferase activity was measured on a Berthold 5901 luminometer 
on 100 wl of cell extracts using luciferase assay reagent (Promega). 
The luciferase activity is expressed as fold induction of the test 
plasmid activity compared with that of the corresponding control 
vector (pGL3 control, Promega) after correction for transfection 
efficiency by dividing by -galactosidase activity. Each plasmid 
was assayed in duplicate in at least three separate experiments. 
pCMV4, pCMV4-Spl and pCMV4-Sp3 vectors were a kind gift 
from Dr J. M. Horowitz (North Carolina State University, 
Raleigh, NC, U.S.A ). 
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Nuclear-extract preparation 


Nuclear extracts from cell lines of interest were prepared as 
described in [23], and kept at — 80 °C until use. Protein content 
(5 ul of cell extracts) was measured using the bicinchoninic acid 
method in 96-well plates, as described in the manufacturer's 
instruction manual (Pierce). 


Gel-shift assays 


Nuclear proteins (5 ug) were pre-incubated for 20 min on ice in 
20 ul of binding buffer with 2 wg of poly dI-dC (Sigma) and 1 ug 
of sonicated salmon sperm DNA. Radiolabelled DNA probe 
was added (120000 c.p.m./reaction) and the reaction left for 
another 20 min on ice. For super-shift analyses, | jd of the 
antibody of interest (anti-Spl, anti-AP2z2, anti-GATA- 1, anti-c- 
Myc, anti-N-Myc, anti-Max, anti-c-Fos, anti-NF-«B p50 and 
anti-NF-«B p65, Santa Cruz Laboratories) was added to the 
proteins and left for 1 h on ice before adding the radiolabelled 
probe. Negative controls were carried out using | jd of irrelevant 
antibody in the reaction mixture. Competitions were performed 
with 50-, 150- and 300-fold excesses of unlabelled oligonucleotide 
in the reaction mixture before adding the radiolabelled probe. 
Commercial Spi oligonucleotide and Hela-cell nuclear extract 
used as positive controls were from Promega. The reactions were 
stopped by adding 2 jl of loading buffer, loaded on to a 4 %4 non- 
denaturing polyacrylamide gel (for oligonucleotides) and electro- 
phoresis conditions were as described in [24]. Gels were pre-run 
for 30 min at 200 V before loading the samples and running the 
electrophoresis at 200 V for 2-3 h in 0.5 x Tris/borate/EDTA 
buffer at 4 °C. For DNA probes longer than 250 bp (1472). 6°, 
gels were run as described in [25], with slight modifications: the 
pre-run was | h and 15 min long and electrophoresis was run for 
4h and l5 min at 4°C. Gels were then vacuum-dried and 
autoradiographed overnight at — 80°C. 


Southwestern- and immuno-blotting 


Nuclear proteins (25 4g) were resolved by SDS/PAGE (10%, 
gel) and then electrotransferred on to a nitrocellulose membrane 
(pore size 0.22 «m, Schleicher and Schuell). Proteins were sub- 
mitted to a denaturation/renaturation cycle as described by 
Jackson [26] before radiolabelled probe (1x 10* c.p.m./ml of 
buffer) was added to the mixture and left for 30 min at room 
temperature. When necessary, unlabelled competitor (150-fold 
excess) was pre-incubated with the membrane before adding the 
radiolabelled probe. The membrane was then washed and 
autoradiographed overnight at — 80 °C. The radiolabelled probe 
was washed off by incubating the membrane twice for 5 min in 
boiling 0.1 x SSC/0.1 °% SDS solution (where 1 x SSC is 0.15 M 
NaCl/0.015 M sodium citrate) and rinsed once with 3x SSC, 
Immunostaining was then performed using the anti-Spl antibody 
PEP? (Santa Cruz Laboratories) at a 1:1000 dilution. Alkaline 
phosphatase-conjugated goat anti-rabbit antibody (Promega) 
was used at a 1:4725 dilution. Protein bands were developed 
using Nitro Blue Tetrazolium chloride and 5-bromo-4-chloro-3- 
indolylphosphate p-toluidine salt (Life Technologies) as chromo- 
genic substrates for alkaline phosphatase. Prestained protein 
molecular-mass standards were from Life Technologies. 


DNA sequence and transcription-factor-binding site analyses 


DNA sequences were analysed using PC-GENE software and 
the TRANSFAC database [27] was used to define potential 
transcription-factor-binding sites within the clones of interest. 
The search was conducted using MatInspector V2.2 software 
[27]. 
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A 


-956 GAGGTATTGCAGCGCGGACGOG 





—a56cTCGTOAK KOGAGGTTTACCAC 
S33CTAGGCTTCTGOCGGCTCCCAC 


-J7966*'CGGAGCAGCTGCTTCCTCAACCCTGCCAGGÉ 





JIBAGGCCAAATGGGACTCAGGGC'CGGAGCCTOTGGCCTGGCTGGATCAG[TOCT CO C] 






GTGCATGGCCAGGAGACACTCTGGGCCTCAGTTTCUCUI 


ATCAGCCCAGAGACCTCCCACGGTUCTTI GGGCTCTG 





-536GTCAGCTGGGCTGGGGTCTCTGGAAATAGAGCCTCCTCCAGGGACCCCCACAAGCCACUCC 


-AJS6AGACTGAGCATCCTGGCCATGTGCATGCCTGAGCTCCAGCCTCGTGGGCCCTCC'CCGGGC 
NF-«B 





A16CTCGGGGACCCATGGTCAGTGGCTGGGGGTGOT GC Cj[UC À G À GO UG T Exit 


356A GGAGCCGCAGTGGGGCTGAGTGTGAGGCAGG T iIGGACCCT 

TTF-1 
28 GCGT C OAM GRGCCAGCCOTGCCTTCCAGCGGCT 
LF/NRF-2 CACCCISp1 


26GTAGSR EST TCT PEC TT CCGATTCTCAGAA 






-1378 T CAGGGCACAGAGCTGCAAATCCTTCCTGATOC 
HNF-3p TGT3 C-Myc/N-Myc/Max 
1 N iZ. BE n ee SE NS geg 











CGGGGAAGAGCACGGTGTCCTGCGTGGCCTGGCU 


TATA-box TTF. 
WGCTCCCTGCTACATAAGCTGGGGCCOCCAGGGGAGE 





case 





SGCC'CGGCTCCCTCCCTGCCCGTCCCCGTCCCCCCACCCGTGCCAGCCCCCAGGATG 























Met 
B ATGGGTGUCCC 
Met G A 
CGAGCGCGTGCCGGACGCTGGTGTTGGCTCTGGCGGCCATGCTCGTGGTGCCGCAGGCAG 
P S A C R T i V L A L A A M L v v P Q A 
YSTAAGAACCCCCCACTCCGECECCOCCTCTCGATGCTGICTTCACGCECGCGGGGTCTCTGCAGS 
6€ T CGCTTGCCTGGGAGCTTCTCCTGCAGAGTGCACGGGCAGATCCCCCTACGACTCCCTGA 
4231G8T GTCCTGGATGGGACCCTACCCGTCCCCAACACAGGGCTCTGGGGCUCCCACGGGCTUCAGC 
184A GTGT CAGGAAACTCAGGGGCTGGCTTGGATGGGGTGTCCAGGAGAAGGTGGGCCC 
24 CC GCAGGCAAGGCCCCTGGGAGACCACCGAAAGGGTCTTGGTCTTGGGGGTGGGAGC 
304GTGGGCAATGGGGGAGGGGGTCACAGCTGGGGGTCTCTCTGGAGCCCCATGAGGCUC 
34613 CA T CAGAGTGAGCAGGGGCAGGCTTAGCGTGGACCCCTGTCCAGGACCGGCTCTAGC 
AMCACGACCTCCCTGGGGATCACAGCTGGCAGGGCAGGTGAGGGTACCACCCTCAAGG 
ABI TAC AGC GC CTCAACCCACGOCTCGACTCCCACGGCCCATC 
$41G GC AT C A GCTCTECAGCCGAGCGTTTTCCC! G 
eorc TCT T G C (CTTACTGTGOCAATAGAGARAARA C 
661GGCCAC CTGGCCATGAGGCTGCTGCA G 
CCGCCCCCTCCCAAGCTTGGGGTCTGGGCTGGGCAGGTGA E 
J8QiC T CTCCATCTGTGGAAGGGAGGCTGGGTGGTCAGCAGGGCTGGAG 
MiITEUTIUJ]GCTCCCAGCCTGGGCC'COGGGGGGAGCTGCGTCTGGCTGCAAGGTTTGOGSGCTGS 
eM TTTGACCAGAATAGCCACCTCCTTGCATCTGATTCTTC'CGGGCCATGCAGCCTTGGCTCC 
e81CCTCACCTGAGCATGGCAGGGCCTAGGGACTOCTCAGCCCACCCGTCCTCCTGTCCTCCAGC 
(343GCACGTCCAAGTTGGGGAGATCAAGCCCTTGGCAGGGACTGTGCTTTAGTCACCAGATGC 
AP-2 CACCC 
DÉOUCUERUUEUATUOUUAIGGCCCTGCACAGAGCAGCTTCA 
MAENEEUUCAUSUT1GATGGGGTGGCTGGTGGTGGGCACTTCTCTGGCTACAAGATGGAGGCCCAGG 





GATA-1 
AGTOCAGCCTOGGGU 


iGToTGGG[CTAN 


"GCOTGGGGC 


461GGCTGGTTGGGCTGGCACACAGGGGCAGGGCTGTGAGCTGT GGGTCGGGGTGGAGGACTE 


4£S21AGGGATCGGCTOGGOTTTCTOGGGAAAGGCAGTCAACCTGGATCTCTGGAGGCGGCCCCTGT 
4581GOGTGGTTCCCAGATGTCAGCAGGACCTGGCTGGAAAAGCCAGGCAGGGCCAGGCCAGAGT 
441GC GAACCACAGGGCCGGCCCCTCGCTGAGCCCTGACCATGCTGTGGGGGCTGGGGCCTUOCA 
C001 CC TCCCACCTCCCCACAGAGAGTCTCAGATCAGGATCCAGGGAGGAGCTCTGGGGTCCTOG 


IIT GAAGGGGGCGCCCCAACCCAAACTGGGCAGACAATGGCCGGGGGTCCTCAGAGTCCTGT 


Figure 1 For legend see opposite. 
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121GGGT TGGAGCTGCCTCCTCC 





CAGCCTCCATGGGGT 





AAGTCACGUC 
CAAGGGATG 
TCCATTTTUC 
GGGCAGGCC 
TTCCATAGC 
GGCTGGGGA 
GGAGACCGC 
GGTTGGGTT 
ii e 
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TGGTGGGTGAGGCCTTGCUC'CGGAGG 
CAGTATCAACGGCCACACAGCTTGC 
GCCCTGACTTAGGATCTAGTTCGAA 
CTGGAAGGCTCCAAGTGTGTCCTCOC 
TGTGGGATGGGGCGAAATCCC[CCCT 
TCCCCCATCCCTTGAGAAGGAGGCA 
GTGCTGGGGGCAGCTCAGGGCTCUCC 
ATTGAGCAGGAGC'CGGAGGCATCTOG 
GGAGTCC'CGGCCTTGGCCACAGTOGT 
CACCAAGGACCCCACATGCGCGTGU 
TCGGCTGGCAGGCCACATCTAGTTUCC 


CCAGGGCCCTGTGGAGCCGAGCTGG 
T Q G P V E P S W 


18810 GG TGGTCAGCCTGGOGGGACOC or 

194180 GGCCCAGAGTCCTGCCCCCAGCCTGCCCCACTC 

z)1lACTGGTTCTGTGTTTAGGTTTCTGCT 

20601 TA ACAAAGCTGGTCTTTGTCCTTCTC 

2121 TE pA ME TTCCTGAT 

21813 C CA TCCCCGCCTGTCAGTCGGGGACA 

2241 T GC T GGAAGCTTCCA CCGCAGGUCT 

Zoic GGC TGACGG T TGGGGTGGCCTGAGC 

23061G TC GT GAGGOGTGAAC TGCAGGGCAT 

2442923 C GC AC CAGGGATGTGGCCAGOGTCOGT 

2348 T CA C TGGACTCCCCATTCCCTCTTUCOC 
GGGAATGCAGGGCACACCATGGATGGCGGT 
G N A G H T M D G G 


Figure 1 DNA sequence of the human MUCSB promoter (A) and intron 1 (B) 


(A) The TATA-like box (TACATAA) at. — 32/ — 26 is double-underlined and potential binding sites tor known transcription factors are in grey. The transcription start site is designated as +1 
and first ATG is bold and italicized. Hpall (C'Cgg) potential methylation sites are also indicated. (B) DNA and peptide sequences of exon 1 and exon 2 surrounding intron 1 are bold and italicized. 
square brackets indicate the beginning and end of intron 1 sequence. DNA sequences used for binding assays are boxed, 


5'-flanking region of MUCSB 


GA box 


AS | cluster 


-26 


Promoter 


126 





Figure 2 Transcription start site of human MUC58 mucin gene 


Intron 1 


CAAGGCTCCCTGCTACATAAGCTGGGGCCCÓC 
1 
CCAGGGGAGCAAGCACCCGGCCCGGCTCCC 15 


TCCCTGCCCGTCCCCGTCCCCCCACCCGT G 45 


CCAGCCCCCAGGATGGGTGCCCCGAGCGCOG T5 
Met Gly Aa Fro Ser Aja 

TGCUGGACGCTGGTGTTGGCTCTGGCGGCQ 105 

Cys Arg Thr Leu Vali Leu Ala Leu Ala Aja 

ATIGCICGIGGTIGCCGCAGGCAGgt as 

Met Leu. Val Vat Pr Gn Ala 


Schematic representation of the 5"-lanking region of MUC5B. The bent arrow indicates the transcription start-site position (upper panel). (A) Primer-extension reactions were performed on 25 jg 
of total RNA from LS174T and HT-29 MTX cell tines. A product of 126 bp was produced when using the exon 1 reverse primer. QX174 DNA/ Hint dephosphorylated markers previously radiolabeled 
and denatured are shown on the ieft. (B) DNA sequence surrounding the transcription start site. The reverse exon 1 oligonucleotide used for primer-extension experiments was designed from the 


underlined sequence. 


RESULTS 
DNA sequence and characterization of MUC5B 5’-flanking region 


Two genomic clones, ELO9 and BENI, which we previously 
isolated to study MUCSB and MUCSAC gene organization 
[9,21], were used in this work to characterize the 5‘-flanking 
region of MUCSB. Here, we report the genomic sequence 
obtained and an analysis of transcriptional activity of the 5'- 


flanking region including 956 bases of DNA sequence located 
upstream of the transcriptional start site as well as 2637 bases 
downstream that include the first two exons and the first intron. 
Between the transcription start site and the ATG codon coding 
for the first methionine lies the 5' untranslated region (UTR) of 
56 nucleotides (Figure 1A). The first exon encodes the first 23 
amino acids (MGAPSACRTLVLALAAMLVVPQA) and is 
separated from exon 2, which is composed of 19 amino acids 
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Figure 3 Mucin gene-expression profiles in colon cancer cells by RT-PCR 


RT-PCR was performed on total RNA extracted from cells at day 7, Specific oliganucieotides 
for MUCZ and MUCSB generate 401- and 415-bp PCR products, respectively. The GAPDH PCR 
product is 980 bp long. PCR products were separated on a 2% agarose gel. Molecular-mass 
markers are shown on the right. 
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(ETQGPVEPSWGNAGHTMDAQG), by an intron of 2511 nucleo- 
tides (Figure 1B). 

Analysis of the DNA sequence using PC-GENE software and 
the TRANSFAC database [27] showed that the 5'-flanking 
region upstream of the transcription start site contained a TATA- 
box-like sequence TACATAA located at bases —32/—26 up- 
stream of the transcription start site (Figure 1A). In the close 
vicinity to the TATA-box-like sequence were found potential 
binding sites for c-Myc/N-Myc/Max transcription factors (con- 
sensus CACGTG), Sp! and numerous GC and CACCC boxes. 
t is of interest to note that GC and CACCC boxes are always 
clustered. Further upstream, putative binding sites were found 
for AP-I, NF-«B, CCAAT, cAMP-response-element-binding 
protein (CREB) and GRE transcription factors as well as for a 
silencer called CIISI. A striking feature was the presence, 
throughout the 5’-flanking region upstream of the TATA box, of 
numerous putative binding sites for transcription factors known 
to be involved in intestinal [hepatocyte nuclear factor (HNF}-1, 
HNF-3, TGT3, gut-enriched Krüppel factor (GKLF)] or res- 
piratory [HNF-3, thyroid transcription factor (TTP)-1]. cell 
differentiation. Numerous Hpall sites that could be potential 
methylation sites were found, two of them being located in the F- 
UTR region. 

In the first intron (Figure 1B), a high amount of GC boxes, 
Spl binding sites and CACCC boxes were present. More 
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Figure 4 Position and transcriptional activity of the pGL3 deletion mutants in MUCSB promoter 


(A) Schemat 
4- 1. The TATA-box location in fragments 1916, 1896, 1597 and 1596 is indic 


secreting LS174T (black bars) and in undifferentiated HT-29 STD (grey bars) cos 


tic representation of the localization of the different pGL3 deletion mutants covering 1013 nucleotides upstream of exon 1. Numbering refers to the transcription start site designated 
ated. (B) Transcriptional activity of the deletion mutants was studied in enterocytic Caco-2 (white bars), in mucus- 
à 


Y 


ri cancer cell lines. The background activity of nGL3 Basic promoteriess vector used to subclone MUCSB fragments 


is shown. The results are means -+ S D. and represent more than three different experiments performed in dupticate for each fragment. 
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Figure 5 Binding of nuclear factors to the promoter of MUC5B 
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Autoradiograms of the gel-shiff assays in which 5 ug of LS174T or Caco-2 nuciear extracts were incubated with double-stranded radiolabelled oligonucleotides representative of the c-Myc/N- 


Myc/Max (— 108/ — 98, A. janes 2—5 and 7-10), CACCC/Sp1 ( — 196/ — 185, A, lanes 11 


-14), NF-KB ( — 372/ — 364, B, lanes 2-7). TGT3 ( — 791/ — 


» 785, B. ianes 9 and 10) and CCAAT 


(—662/.— 658, C. lanes 2 and 3) binding sites found in the MUCSB promoter. (A) No proteins added (lanes 1, 6 and 15). Nuclear extracts were either incubated in the absence ( (— ; lanes 


2. 7, 11 and 13) or the presence (lanes 3--5, 8-10, 12 and 14) 
(— janes 2, 5, 9 and 10) or the presence (lane 
radiotabel led probe was incubated w 


importantly, in the central part of the intron were found clustered 
a CACCC box followed by an array of eight GA boxes repeated 
in tandem containing the consensus sequence GGGGAGG- 
GGCT, each separated by 8-10 bp. Other putative sites for 
known transcription factors are shown in Figure 1(B) and include 
three canonical Spl binding sites, two AP-2 sites. one NF-«B 
site, one GATA-1 site and one Adh-1 site. 


Characterization of the MUC5B transcription start site 


Primer-extension reactions were performed using RNAs from 
the two mucus-secreting colon cancer cell lines LS174T and HT- 
29 MTX to identify the transcription start site in the MUCSBS 
flanking region. These two cell lines were chosen as they both 
express MUCSB. The result, shown in Figure 2(A). indicates that 
the reactions carried out with reverse primer El localized in exon 

(sequence underlined in Figure 2B) produced one extension 
product of the same size (126 bp) in both cell lines. In the 
sequence, the start site. matches a cytosine residue that we 
numbered + 1. The 5'-UTR region is 56 nucleotides long (Figure 
2B). 


MUC5B gene expression in LS174T, Caco-2 and HT-29 STD colon 
cancer celis 


To investigate the cell-specific expression of MUCSB, three colon 
cancer cell lines showing different phenotypes were chosen: the 
mucus-secreting LS174T, the Caco-2 enterocyte and the un- 


of 1 yi of the antibody of interest. (B) No proteins added (lanes 1 and 8). Nuclear extracts were either incubated in the absence 
S 3, 4, 6 and 7) of 1 yd of the antibody of interest. ed (an 
with Caco-2 [ane 2) 0f LS174T (lane 3) nuclear extracts. DNA-protein complexes are indicated by the numbers on each side of the autoradiograms. 


There was no antibody added in lanes 9 and 10. (D) No proteins added (lane 1). The CCAAT 


differentiated. HT-29. STD cell lines. MUC? expression was 
studied in parallel as a positive control of RT-PCR as it is the 
main mucin expressed in colon. MUCSB (415-bp PCR product) 
and MUC2(401-bp PCR product) mRNA expression was studied 
bv RT-PCR from 70%, confluent cells in order to correlate 
RT-PCR results with transfection experiments. As shown in 
Figure 3, undifferentiated cell line HT-29 STD slightly expresses 
MUC? and MUCSB mRNAs. Caco-2 cells that spontaneously 
differentiate in enterocytes also show a very low expression of the 
two genes. Overall, in these two cell lines, mucin gene expression 
remains very discrete when compared with the GAPDH internal 
control. On the other hand, MUC? and MUCSB are highly 
expressed in the mucus-secreting cell line LSI74T. The level 
of expression of both genes is maximal after cells have 
differentiated into mucus-secreting cells. Moreover, one can 
notice that MUC? and MUCSB follow the same pattern of 
expression in the three colon cancer cell lines studied. 


Promoter activity of the MUCSB 5 -flanking region 
In order to identify DNA sequences involved in MUCSB 


od DAN constructs were generated in the 


activity after cell electroporation, Insert sequences were con- 
firmed by infrared Bid n of both strands and aligned with 
ELO?9 and BENI sequence 
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Figure 6 Sp1 binds to the eight clustered GA boxes and the CACCC box found in intron 1 


(A) Autoradiogram of the gel-shift assay in which 9 9 of LS174T nuclear extracts were incubated with double-stranded oligonucieotides representative of the CACCC (lane 2), GA (lane 3), Spi 
(lane 4) boxes found in MUCSB intron 1 and with the GC box located in intron 37 [12] (lane 5). Super-shitt analyses were performed by adding an antibody directed against Spi (lanes 6—10 
and 12). A positive control was included by performing shift analysis with a commercial Spt oligonucteotide mixed with LS174T extracts (lane 10) and Hela cell extracts (lane 11). Spi super- 
shift is shown with Hela cells in lane 12. Arrow 1 indicates the position of the DNA~protein complex and the arrow 2 the position of the super-shifted complex when the antibody of interest was 
added. (B) Autoradiogram of the Southwestern blot of 25 #9 of nuclear proteins from Caco-2 (lanes 2, 5. B, 11 and 14). LS1747 (lanes 3, 6, 9, 12 and 15) and HT-29 STD (lanes 1, 4. 7, 10 
and 13) celis incubated with the GC- (lanes 1-6) and GA- (lanes 7—12) box radiolabelled probes. ‘Coid’ competition with a 150-fold excess of GC (lanes 4—6) and GA (lanes 19—12) boxes. Sp1 
immunostaining of the same blot with a commercial antibody directed against Sp! (PEP2; lane 13—15). (C) Autoradiogram of the gel-shift assay with 1472 as the probe with 5 ug of LS174T 
huclear proteins. No extracts (lane 1), proteins and 1472 probe (lane 2), super-shift with anti-5p1 antibody (lane 3). Competition with unlabelled 1472 DNA, molar ratios of x 50 (lane 4), x 150 
(lane 5) and x 300 (lane 6). Competition with unlabelled GA-box oligonucleotide, molar ratios of x 50 (ane 7), x 150 (lane 8) and x 300 (lane 9). Competition with uniabelled mutated GA- 


box oligonucleotides with molar ratio x 150, "GA box no. 1 (lane 10), "GÀ box no. 2 (lane 11) and "GA box no. 3 (lane 12). Arrow 1 indicates the position of the DNA-protein complex and 


arrow 2 the position of the super-shifted complex when the anti-Sp1 antibody was added. 


Transfection experiments on deletion fragments of the MUCSB 
promoter were carried out in Caco-2, LS174T and HT-29 STD 
cell lines. Seven fragments were generated that cover 956 nucleo- 
tides upstream of the transcription start site (Figure 4A). The 
fragments 1916, 1896, 1597 and 1596 contain the TATA-box-like 
sequence (TACATAA), the three Spl-binding sites and the 
CACCC box. In fragments 1916 and 1597, the 5-UTR region 
was included. In LSI74T cells, the MUCSB S'-flanking 
region shows a highly active promoter activity. In these cells, the 
fragment 1896 that covers the whole region shows a lower 
luciferase activity when compared with the region restricted to 
the first 223 nucleotides upstream of the transcription start site 
(1596; Figure 4B). Interestingly enough, when the 5-UTR region 
was included in the fragments corresponding to the whole 
region (1916) or to the 223 first bases ( 1597), luciferase activity 
dropped by approx. 2-fold. This result indicates that the 5-UTR 
region of MUCSB plays a role in regulating promoter activity. In 
conclusion, the first 223 bp (fragment 1596) adjoining the tran- 
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scription start site suffice to drive basal promoter activity of the 
luciferase reporter gene. Three other deletion mutants were 
then constructed to identify a potential inhibitory domain in 
the promoter that would explain the low luciferase activity of the 
fragment 1896. Fragment 1895 covers the upstream 734 
bases ( —956/ — 223) and fragments 1595 and 1598 include bases 
—446/—223 and —956/ —441, respectively. Experiments show 
that in all cell lines 1595 has no activity whereas fragments 1895 
and 1598 act as inhibitory domains. Thus this result confirms 
the fact that inhibitory factors bind to cis-elements present in the 
—956/ — 441 region of the promoter. Finally. MUCSB promoter 
activity is minimal in Caco-2 and HT-29 STD cell lines when 
compared with that in LSI74T cells. 


Binding studies of MUC58 promoter with nuclear proteins 


In order to characterize cis-elements and trans-nuclear factors 
that could account for MUCSB transcription regulation in colon 








GATA-1 





^ Figure 7 AP-2x and GATA-1 transcription factors bind to the first intron of 


MUCSB 


Autoradiogram of the gel-shilt assay in which radiolabelled oligonucleotides including the AP- 
2- (anes 1—5 and GATA-1- (lanes 5-8! binding sites found in intron 1 were incubated with 
3 ug ol Caco-2 nuclear extracts in the absence (lanes 2 and 6) or presence (lanes 3-5 and 
8) of 1 yal of specific antibody as indicated. Radiolabelled probe alone (lanes 1 and 7j. 


cancer cells, electrophoretic mobility-shift assays were carried 
out with double-stranded DNA probes containing binding sites 
for specific nuclear factors (Figure 5). In Figure 5(A). two 
retarded bands (lanes | and 2) were obtained when Caco-2 
nuclear extracts were incubated with the double-stranded oligo- 
nucleotide comprising the c-Myc/N-M yc/Max putative binding 
site (Figure 5A, lane 2). Addition of c-Myc or N-Mvc antibodies 
prior to the radiolabelled probe dramatically reduced the intensity 
of complex no. ] but had no effect on complex no. 2 (Figure 5A, 
lanes 3 and 4). On the other hand, addition of the Max antibody 
had no effect (Figure SA, lane 3). Complex no. 1 was not 
visualized in LS174T cells (Figure 5A, lanes 7-10). Sp] binds to 





the CACCC box in both cell lines (complex no. 3) as addition of 


Spl antibody resulted in a totally super-shifted complex (band 
no. 4, Figure 5A, lanes 11-14). 

In Figure 5(B) is shown the binding of NF-«B (lanes 1-7). 
: When Caco-2 nuclear proteins were incubated with the double- 
_stranded oligonucleotide containing the putative NF-«B binding 
| site (Figure 5B, lane 2), three retarded bands were visualized on 
the autoradiogram (bands 1-3). When incubated with LS174T 
; nuclear proteins (Figure 5B, lane 5) only bands | and 3 could be 
:seen. Upon addition of the specific NF-«B p50 antibody (Figure 
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5B. lane 3), complexes 2 and 3 were abolished. With the antibody 
directed against the NF-«B p65 subunit, only complex 2 dis- 
appeared. Complex | is therefore due to an interaction with 
another nuclear protein since the addition of these two antibodies 
did not have any effect on the shifted band. Binding studies with 
the TGT3 putative binding site (Figure 5B, lanes 8-10) resulted 
in two high-mobility retarded bands with Caco-2 nuclear proteins 
(Figure 5B, lane 9, complexes 5 and 6) but only one low- 
mobility-shifted band with LS174T nuclear extracts (Figure 5B, 
lane 10, complex 4). 

In Figure 5(C). studies with the CCAAT DNA probe showed 
one retarded band with Caco-2 nuclear extracts (lane 2. complex 
1). Two more retarded bands with a higher mobility (complexes 
2 and 3) were visualized when incubated with LS174T nuclear 
extracts (lane 3). 


Binding studies of MUCSB first intron with nuclear proteins 


Given that first introns have been shown to play roles in the 
regulation of tissue-specific intestinal genes, we investigated 
whether such potential DNA-binding cis-elements could be found 
in MUCSB's rather large (2.5 kb) first intron. A highly striking 
feature was the presence of eight clustered GA boxes repeated in 
tandem located near to a CACCC box. All these cis-elements 
represent potential binding sites for the ubiquitous nuclear factor 
Spl. Gel-shift-assay experiments were performed with nuclear 
extracts from the three cell lines of interest. As they gave the 
same results only those with LS174T nuclear proteins are shown. 
When we used double-stranded DNA representative of the 
CACCC box one low-mobility retarded band was visualized 
(complex 1, Figure 6A, lane 2) that was totally super-shifted 
when an anti-Spl antibody was added in the reaction mixture 
(Figure 6A, lane 6). The same result was obtained with the 
double-stranded oligonucleotide containing the GA-box con- 
sensus sequence GGGGAGGGGCT (Figure 6A, lanes 3 and 7). 
A similar experiment conducted with an oligonucleotide con- 
taining an Spl found in the 3’ region of the intron did not 
produce any retarded bands (Figure 6A, lanes 4 and 8). 

In order to confirm the binding of Spi to the GA boxes, 
Southwestern- and immuno-blotting studies were performed 
(Figure 6B). The nuclear protein recognized by the radioactive 
GA-box DNA probe shows an M, of around 95000 in the 


was performed with a 150-fold excess of the unlabelled GA-box 
DNA probe the signal was almost totally abolished, demon- 
strating the specificity of the interaction (Figure 6B, lanes 10-12). 
As à positive control for Spl binding, the blot was then probed 
with a DNA probe representative of one of the Spl-binding sites 
present in MUCSB promoter (see Figure 5A, lanes 11-14). The 
same band was visualized (Figure 6B, lanes 1—3) and ‘cold’ 
competition also resulted in the loss of the signal (Figure 6B, 
lanes 4-6). The same blot was then probed with the anti-Spl 


immunostaining could be superimposed on the radioactive band 
obtained from the Southwestern-blotting study, confirming the 
fact that Spl binds to the GA box. We can conclude from these 
results that the Spl nuclear factor engages with the CACCC and 
GA boxes found in MUCSB intron 1. H ts likely that the other 
seven GA boxes that contain the same consensus sequence 
GGGGAGGGCT also interact with Spi. 

To verify this hypothesis, gel-shift experiments were performed 
using the fragment 1472 that contains the eight GA boxes as the 
DNA probe. Figure 6(C) shows that the shifted band obtained 
when 1472 was incubated with nuclear proteins from LS174T 
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Figure 8 Spi and Sp3 effects on MUC5B promoter activity 
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Co-transfections were performed in enterocyte Caco-2, mucus-secreting 151747 and undifferentiated HT-29 STD colon cancer cell lines. pGL3 deletion mutants (20 ug! 1596 or 1896 were co- 
transfected with 5 ug of pCMV4 expression vector either empty (pCMV4) or carrying the coding sequence of Sp! (pCMV4-Spt) or Sp3 (pCMVA-Sp3) transcription factors. The results are 
means + S.D. and represent more than three different experiments performed in duplicate for each fragment. 


cells (Figure 6C, lane 2, complex 1) was completely super-shifted 
when the anti-Spl antibody was added to the reaction mixture 
(Figure 6C, lane 3, complex 2). The shift was shown to be specific 
by performing competition experiments with unlabelled DNA 
fragment 1472 (Figure 6C, lanes 4-6) or unlabelled GA box 
oligonucleotide (Figure 6C, lanes 7-9) as competitors, The shift 
is almost totally inhibited when competitors are added at a molar 
ratio of 150 (Figure 6C, lanes 5 and 8) and totally disappears at 
a ratio of 300 (Figure 6C, lanes 6 and 9). Using mutated 
oligonucleotides with a modified GA-box sequence (see Table 2) 
only produced a partial inhibition of the retarded band (Figure 
6C, lanes 10-12). 

Among the other predicted binding sites present in intron 1, 
we studied NF-«B, AP-2 and GATA-1 binding (Figure 7). Two 
shifted bands were obtained when Caco-2 nuclear proteins were 
incubated with the AP-2 oligonucleotide (Figure 7, lane 2). Of 
these two bands, the upper one disappeared upon addition of 
the anti-AP-2x antibody (Figure 7, lane 3). The specificity of the 
binding was confirmed by the absence of any effect when an 
irrelevant anti-c-Fos antibody was used (Figure 7, lane 4). 
Complex 1 was not seen in LS174T cells (results not shown). 
When we used the double-stranded GATA oligonucleotide, one 
shifted band (complex 3) was visualized with Caco-2 nuclear 
proteins (Figure 7, lane 6). The intensity of the shifted band 
decreased substantially when an anti-GATA-1 antibody was 
added to the reaction mixture (Figure 7, lane 5), whereas there 
was no effect with the anti-Spl antibody (Figure 7, lane 8). No 
shift was visualized with the NF-«B oligonucleotide in either cell 
line (results not shown). 


Sp1 transactivation of the MUC5B promoter 


In order to demonstrate the active participation of Spl in 
MUCSB promoter activity, co-transfection experiments were 
performed in the three cell lines of interest. Sp3, another member 
of the Sp family known to compete with Spl for the same 
binding sites, was also studied (Figure 8). Co-transfection of Spl 
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with fragment 1896 ( —956/ — 1) led to an increase in luciferase 
activity in LS174T and Caco-2 cells (2- and 3. 5-fold. respectively), 
whereas co-transfection with Sp3 led to a slight decrease of 
activity in LS174T cells and had no effect in Caco-2 cells. When 
the same experiments were conducted with the fragment 1596 
(— 223/ — 1), no significant effect was observed in either cell line. 
In HT-29 STD cells, co-transfection with Spl had no effect, 
whereas co-transfection with Sp3 dramatically decreased the 
luciferase activity of both fragments by about 5-fold. 


DISCUSSION 


Molecular mechanisms involved in the control of gene expression 
in intestinal cells are still poorly understood. An understanding 
of the regulatory network of nuclear proteins that direct tran- 
scriptional initiation. of genes will provide insight into the 
mechanisms of normal intestinal development and differentiation 
as well as disease processes such as neoplasia [28]. Since mucins 
are the main components of human epithelial secretions. re- 
sponsible for the mucus rheology and physical properties, and 
since mucin genes display altered expression in neoplastic 
and pre-neoplastic processes affecting the colon [3.29]. it is 
essential to understand the molecular mechanisms that prevail to 
their expression. Thus characterization of the promoter regions 
as well as the nuclear factors involved in the regulation of mucin 
gene expression is necessary. 

In order to identify regulatory regions involved in MUCSB 
transcription, the MUCSB promoter region as well as the first 
intron have been sequenced and analysed. Transcriptional ac- 
tivity was studied in three colon cancer cell lines and tran- 
scription-factor binding to cis-elements present in either the 
promoter or the first intron were identified. The 5'flanking 
region upstream of the transcriptional start site revealed the 
presence of a TATA-like sequence TACATAA at —26/ — 32, 
which is à characteristic of tissue-specific genes. The MUCSB 
promoter contains a high number of GC and CACCC boxes that 
are known to bind Spl. In this study, Spl binding was 
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demonstrated to occur in this region in the three cell lines. 
Involvement of Spl in regulation of mucin genes has already 
been shown for MUCI [30] and MUC? [13.14]. Also in this 
study, the transactivating effect of Spl on the MUCSB promoter 
was shown to be effective on the whole promoter region but not 
on the fragment containing the first 223 nucleotides adjacent to 
the TATA box. This result may be explained by the fact that 
other transcription factors or epigenetic mechanisms like 
methylation are required to mediate Sp] activity. In the MUCSB 
promoter, Spl binding sites were often found to be nearby 
binding sites for other specific factors. This phenomenon usually 
indicates that the clustered factors act in conjunction with each 
other to modulate transcription [31]. Among the other factors, 
NF-«B mav be a good candidate as it has already been shown to 
increase MUC2-promoter activity in epithelial cells via an Sre- 
dependent pathway in response to bacterial exoproducts [18]. 
The MUCSB promoter contains a «B element that binds NF-«B 
in Caco-2 cells. In these cells, N-Myc, c-Myc as well as AP-2 and 
GATA factors may also control regulation of MUCSB since 
these factors were shown in this report to bind to the MUCSB 
promoter and first intron, respectively. 

The first intron of MUCSB, whose sequence is described for 
the first time in this report, is very large (2.5 kb) and contains a 
striking feature, a central domain of 259 bp, which contains eight 
GA boxes repeated in tandem, Sp! was shown to bind throughout 
this domain suggesting that this domain may serve as a docking 
platform for Spl. Such repetitive sequences located in introns of 
5-flanking regions have already been described for human 
immunoglobin heavy chain, insulin and serotonin transporter 
genes. However, this type of sequence remains relatively rare in 
the human genome [32]. They are usually rich in GC and GA 
residues and induce looping of DNA, and therefore their presence 
is often associated with a role in regulating gene transcription 
[32]. Such a role may thus be plaved by the first intron of 
MUCSB. 

MUCSB- -promoter activity was studied in three intestinal 
cancer cell lines showing different phenotypes in order to address 
cell-specific activity. The cells were either undifferentiated (HT- 
29 STD), differentiated in enterocytes (Caco-2) or mucus- 
. secreting (LS174T). Clearly, the MUC3B promoter is not active 
' in undifferentiated and enterocyte colon cancer cells. It is however 
very active in LS174T mucus-secreting cells. This result confirmed 
our RT-PCR results in which MUCSB mRNA expression was 
important in LS174T cells and almost absent from HT-29 STD 
and Caco-2 cells. Our results regarding MUC2 and MUCSB 
expression in LS174T cells are in good agreement with those 
published by Van Klinken et al. [33]. A recent study by these 
authors also showed that MUC2 and MUCSB were expressed in 
the same subset of colonic cells, that is goblet cells in the crypt 
base; co-localized expression was also shown in the small granules 

within goblet cells [6]. Why the cell needs to express several 
mucin genes simultaneously is another issue that will have to be 
addressed. Furthermore. knowledge of the mechanisms that 
control transcription of the four human mucin genes, MUCH, 
MUC2, MUCSAC and MUCSB, clustered on the chromosome 
11 will certainly help in understanding the role of some regulatory 
factors in intestinal diseases in which altered expression of mucin 
genes has already been demonstrated [34]. 

Numerous putative binding sites for transcription factors 
_ Mwolved in intestinal (HNF-1, HNF-3, three consensus binding 
| sites for TGT3, GKLF) or respiratory (10 consensus binding sites 
for TTF-1) cell differentiation were found throughout the 
MUCSB promoter. Jn situ hybridization studies performed in 
our laboratory showing early expression of human mucin genes 
during embryonic and foetal development in intestine and 


respiratory tracts suggest the involvement of these genes during 
ontogenesis [35,36]. Identification of silencers is also important 
to elucidate MUCSB down-regulation in certain cells. A putative 
binding site for such a factor, called CHSI [37], was found in the 
MUC3B promoter in fragments that showed inhibitory activity 
(1895 and 1598). 

In conclusion, we have characterized the 5'-flanking region of 
MUCSB and shown that promoter activity was the highest in 
mucus-secreting cells. Important features and cis-elements that 
bind specific transcription factors were identified in the promoter 
(TATA box, Spl, NF-«B, c-Myc and N-Myc) and the first intron 
(Spt, GATA-I and AP-2a) of MUCSB that might account for 
the cell-specific expression pattern of that gene. We also showed 
that Spl is involved in the regulation of AYUCSB promoter 
activity. Experiments are now in progress to identify transcription 
factors and cell-signalling pathways responsible for the altered 
expression of MUCSB in intestinal diseases. Of particular interest 
will be the deciphering of the molecular mechanisms implicating 
the MUCSB gene in gastrointestinal cell differentiation. More- 
over, experiments are now in progress to determine the influence 
of intron I and of intron 37, which has already been shown to 
bind Spl and NFI-MUCSB nuclear factors [12]. on MUCSB 
promoter activity. 
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CORRECTION  : 


| G,-mediated translocation of GLUTA is independent of p85/p110« and 
 p110y phosphoinositide 3-kinases but might Involve the activation of 


Akt kinase ! 
L. WANG, H. HAYASHI, K. KISHI, L. HUANG, A. HAGI, K. TAMAOKA, P. T. HAWKINS and Y. EBINA 
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On p. 549, the subheading in the right-hand column should 
read: 

G-mediated GLUTAmyc translocation was not accompanied by an increase 
in p88/p110o or p1iOy PI-3K activity 
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